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ABSTRACT 
 
 
 
SOLVENT EFFECTS BY IONIC LIQUID-WATER MIXTURES ON 
THE HETEROGENEOUS HYDROLYSIS OF LIGNOCELLULOSIC 
BIOMASS WITH SOLID CATLYSTS 
Jacob H. Prosser 
Daeyeon Lee 
Ionic liquids are novel solvents proposed as alternatives for the liquid phase catalysis of 
lignocellulosic biomass because these can molecularly dissolve lignocellulose to high 
concentrations.  However, solvent effects caused by ionic liquids for this application, 
such as how they shift the kinetics and equilibrium of lignocellulose conversion relative 
to other solvents, as well as if these change the nature of catalysts used and inhibit 
catalytic activity or unfavorably alter catalytic selectivity have not been rigorously 
considered.  Additionally, many issues associated with the use of ionic liquids as solvents 
in lignocellulose conversion arise.  Firstly, most ionic liquids readily undergo liquid 
phase thermal degradation at moderately low temperatures relevant for catalysis.  
Secondly, solvothermal degradation of solid catalytic materials by ILs can occur and is 
something not widely evaluated.  Furthermore, the catalytic nature of many commonly 
used catalysts is altered through ion exchange between ionizable surface groups and ionic 
liquid ions.  To understand how hydrophilic imidazolium-based ionic liquids influence 
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the hydrolysis of lignocellulose, I examine with the aid of spectroscopic ellipsometry, 
UV-Vis spectrophotometry, high performance liquid chromatography, reflectance-small 
angle x-ray scattering, and powder x-ray diffraction the: (1) thermal degradation of a 
1,2,3-trialkylimidzaolium ionic liquid; (2) solvothermal stability of mesoporous silica and 
γ-alumina catalytsts; (3) behavior of the hydrolysis reaction of a lignin model compound 
in 1,2,3-trialkylimidzaolium ionic liquid-water mixtures; and (4) this same reaction 
catalyzed by γ-alumina.  From my investigations, I discover that: (1) water is able to 
diminish the thermal degradation of imidazolium ionic liquids when its composition is 
above about 35 mol% in these mixtures, an effect I propose is from two different 
mechanisms; (2) mesoporous silica and γ-alumina are solvothermally stable in 25 mol% 
ionic liquid-water mixtures and greater, which I suggest is due to IL cation adsorption 
based passivation; (3) hydrolysis of a lignin model compound in 40 mol% ionic liquid-
water mixtures is not kinetically favorable and selectivity for this reaction is low; and (4) 
γ-alumina is insufficient at significantly catalyzing the hydrolysis of this model 
compound in 40 mol% ionic liquid-water mixtures possibly due to active site blockage by 
IL cation adsorption or mass transfer limitations.  
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mol% BDMIM-Cl in water mixture taken for the analysis at a time of: 
(a) 120-minutes at 125 °C; (b) a magnified view of (a) to show smaller 
presence of other species; (c) 120-minutes at 150 °C; and (d) a 
magnified view of (c) to show smaller presence of other species. 
Figure 5.14. Degradation product distribution for BPE conversion in a 40 mol% 
BDMIM-Cl-water mixture at: (a) 125 °C; and (b) 150 °C. 
Figure A1. (a) Solvent resistance data for 22 nm nanoparticle films (NPFs) 
formed from nominal suspension concentrations of 5%, 10%, 20%, 
and 30% by wt. silica for a rotational rate of 2000 RPM deposited on 
glass substrates.  Films were submerged for 5-minutes in deionized 
water with a measured pH initially of 6.46 at 25.0 °C; (b) Thickness 
growth data for a 22 nm nanoparticle multicoated film (MCF) formed 
from a nominal suspension concentration of 6 wt.% silica at a 
rotational rate of 2000 RPM deposited on a glass substrate.  
Subsequent coatings were performed with about a 20-minute time 
duration between each.  Measured pH of suspension was 9.65 at 23.4 
°C. 
Figure A2. Optical microscope images of 22 nm silica nanoparticle films (NPFs) 
formed at a rotational rate of 2000 RPM and deposited on glass 
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substrates: (a) 480 nm single coated film (SCF) generated from a 
nominal suspension concentration of 22.5 wt.% silica – image displays 
a fully interconnected crack network in the final film; (b) 494 nm 
multicoated film (MCF) consisting of 14-total coatings deposited 
consecutively from a 2 wt.% silica suspension each with a nominal 
thickness of 35 nm.  Subsequent coatings were performed with about a 
20-minute time duration between each – image displays a crack-free 
film. 
Figure A3. Final cracking thicknesses observed for multicoated films (MCFs) of 
silica nanoparticles having diameters of 7 nm, 12 nm, and 22 nm for a 
rotational rate of 2000 RPM deposited on glass substrates versus the 
average crack-free coating thicknesses. Light grey band represents the 
experimentally observed critical cracking thickness (CCT) region of 
about 240 nm to 320 nm for all three particle sizes. Subsequent 
coatings were performed with about a 20-minute time duration 
between each. 
Figure A4. Field emission-environmental scanning electron microscopy (FE-
ESEM) images of laminated and single coated films (SCFs) of 22 nm 
silica nanoparticles formed at a rotational rate of 2000 RPM and 
deposited on glass: (a) Double-layered, laminated film having a 380 
nm crack-free, bottom multicoated film (MCF) composed of 7-
coatings deposited from a nominal suspension concentration of 4.0 
wt.% silica (subsequent coatings were performed with about a 20-
minute time duration between each), with a 395 nm SCF deposited 
from a nominal suspension concentration of 18.5 wt.% silica on top 
(deposition of top SCF layer was performed after bottom MCF was 
subjected to approximately a weeklong curing time); (b) 777 nm SCF 
assembled from a nominal suspension concentration of 27.0 wt.% 
silica. 
Figure A5. Measured transmittance spectra at normal incidence of nanoparticle 
Bragg reflectors having 5, 7, and 9-total alternating 7 nm titania and 7 
nm silica nanoparticle layers on glass substrates with a target peak 
reflectance occurring at 500 nm.  Transmittance reported is the 
baseline corrected transmittance of the film measured in the center 
relative to a blank glass slide. Inset cross-sectional FE-ESEM image is 
of the 9-layer Bragg reflector deposited on a silicon wafer. 
Figure B.1.1. Plot of mesoporous silica film (MSF) reflectance-small angle x-ray 
scattering (r-SAXS) profiles for hydrothermally treated (HTT) MSFs 
treated at various temperatures in deionized water for 12-hours.  
Disappearance of the single diffuse reflectance peak situated at about 
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2θ = 1.20° from the r-SAXS scattering profiles just as was observed in 
the 2-hour treatment results also indicates likewise that the film pore 
interconnectivity is increasing as the treatment temperature is 
increased, and a subsequent leftward shift in the diffuse reflectance 
peak Bragg angle entails that the film pore diameter is also enlarging. 
Figure B.1.2. Plots of mesoporous silica film (MSF) reflectance-small angle x-ray 
scattering (r-SAXS) profiles for hydrothermally treated (HTT) MSFs 
treated for various times in deionized water at: (a) 125 °C; (b) 150 °C; 
and (c) 175 °C.  Disappearance of the single diffuse reflectance peak 
situated at about 2θ = 1.20° from the r-SAXS scattering profiles 
suggests that the film pore interconnectivity is increasing as either the 
treatment time or temperature is increased, and a subsequent leftward 
shift in the diffuse reflectance peak Bragg angle entails that the film 
pore diameter is also enlarging. 
Figure B.1.3. (a) Plan sectional view scanning electron microscopy (SEM) image of 
an ionothermally treated (ITT) mesoporous silica film (MSF) treated at 
100 °C for 12-hours in anhydrous 1-butyl-3-methylimidazolium 
chloride (BMIM-Cl), taken at a spot where a partial cross-section can 
be seen; and (b) scanning transmission electron microscopy (STEM) 
image of the same MSF as in sub-figure (a).  Comparing these images 
to corresponding images taken of the as-assembled and untreated film 
indicates that there are no morphological differences between these 
ITT-MSFs and the initial, untreated MSF, implying that MSFs are 
chemically compatible and stable in BMIM-Cl for all temperatures and 
times investigated.  Scale bar lengths given in each image correspond 
to 50 nm. 
Figure B.1.4. Plots of mesoporous silica film (MSF) reflectance-small angle x-ray 
scattering (r-SAXS) profiles for ionothermally treated (ITT) MSFs 
treated at various temperatures in anhydrous 1-butyl-3-
methylimidazolium chloride (BMIM-Cl) for: (a) 2-hours; and (b) 12-
hours.  Constancy of both the singular-specular and diffuse reflectance 
peaks situated at about 2θ = 0.70° and 2θ = 1.20°, respectively, 
contained in the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
Figure B.1.5. Plots of mesoporous silica film (MSF) reflectance-small angle x-ray 
scattering (r-SAXS) profiles for ionothermally treated (ITT) MSFs 
treated for various times in anhydrous 1-butyl-3-methylimidazolium 
chloride (BMIM-Cl) at: (a) 100 °C; (b) 125 °C; (c) 150 °C; (d) 175 °C.  
Constancy of both the singular-specular and diffuse reflectance peaks 
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situated at about 2θ = 0.70° and 2θ = 1.20°, respectively, contained in 
the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
Figure B.1.6. Plots of (a) relative film thickness (RFT) and (b) relative film 
refractive index (RFRI) versus treatment time, respectively, for 
ionothermally treated (ITT) mesoporous silica films (MSFs) treated at 
various temperatures in anhydrous 1-butyl-3-methylimidazolium 
acetate (BMIM-AcO) as measured by spectroscopic ellipsometry (SE) 
performed at ambient lab conditions.  h given in (a) corresponds to the 
MSF thickness resulting after imposing the specified treatment, while 
h0 refers to the initial, as-assembled MSF thickness before the 
treatment was conducted.  n given in (b) indicates the corresponding 
MSF refractive index (RI) for the specified treatment, while n0 refers 
to the initial, as-assembled MSF-RI prior to treatment and nAir 
represents the RI of air.  Concurrent decrease in the RFT and RFRI 
indicates that degradation by dissolution is occurring isotropically 
throughout each film.  Trend lines provided are for direction along a 
specific dataset and may not reflect the exact form of the dissolution 
profiles.  Plots of BMIM-AcO ITT-MSF reflectance-small angle x-ray 
scattering (r-SAXS) profiles for various temperatures treated for (c) 2-
hours and (d) 12-hours, respectively.  Plots of BMIM-AcO ITT-MSF 
r-SAXS profiles for various times at (e) 100 °C, (f) 125 °C, (g) 150 
°C, and (h) 175 °C, respectively.  Constancy of both the singular-
specular and diffuse reflectance peaks situated at about 2θ = 0.70° and 
2θ = 1.20°, respectively, contained in the r-SAXS scattering profiles 
suggests that the film pore interconnectivity is remaining the same and 
unchanged as either the treatment time or temperature is increased. 
Figure B.1.7. Plots of (a) relative film thickness (RFT) and (b) relative film 
refractive index (RFRI) versus treatment time, respectively, for 
ionothermally treated (ITT) mesoporous silica films (MSFs) treated at 
various temperatures in anhydrous 1-butyl-3-methylimidazolium 
bromide (BMIM-Br) as measured by spectroscopic ellipsometry (SE) 
performed at ambient lab conditions.  Concurrent decrease in the RFT 
and RFRI indicates that degradation by dissolution is occurring 
isotropically throughout each film.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profiles.  Plots of BMIM-Br ITT-MSF reflectance-
small angle x-ray scattering (r-SAXS) profiles for various 
temperatures treated for (c) 2-hours and (d) 12-hours, respectively.  
Plots of BMIM-Br ITT-MSF r-SAXS profiles for various times at (e) 
100 °C, (f) 125 °C, (g) 150 °C, and (h) 175 °C, respectively.  
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Constancy of both the singular-specular and diffuse reflectance peaks 
situated at about 2θ = 0.70° and 2θ = 1.20°, respectively, contained in 
the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
Figure B.1.8. Plots of (a) relative film thickness (RFT) and (b) relative film 
refractive index (RFRI) versus treatment time, respectively, for 
ionothermally treated (ITT) mesoporous silica films (MSFs) treated at 
various temperatures in anhydrous 1-butyl-3-methylimidazolium 
thiocyanate (BMIM-SCN) as measured by spectroscopic ellipsometry 
(SE) performed at ambient lab conditions.  Concurrent decrease in the 
RFT and RFRI indicates that degradation by dissolution is occurring 
isotropically throughout each film.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profiles.  Plots of BMIM- SCN ITT-MSF reflectance-
small angle x-ray scattering (r-SAXS) profiles for various 
temperatures treated for (c) 2-hours and (d) 12-hours, respectively.  
Plots of BMIM- SCN ITT-MSF r-SAXS profiles for various times at 
(e) 100 °C, (f) 125 °C, (g) 150 °C, and (h) 175 °C, respectively.  
Constancy of both the singular-specular and diffuse reflectance peaks 
situated at about 2θ = 0.70° and 2θ = 1.20°, respectively, contained in 
the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
Figure B.1.9. Plots of the relative film thickness (RFT) versus 1-butyl-3-
methylimidazolium chloride (BMIM-Cl) ionic liquid (IL) composition 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in binary IL-deionized water mixtures for (a) 1-hour, (b) 2-
hours, (c) 4-hours, and (d) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  Degradation by dissolution of the HITT-MSFs increases 
monotonically with solvent mixture compositions greater than 0 mol% 
of BMIM-Cl in water but less than approximately 5 mol% BMIM-Cl 
for any treatment temperature, while a monotonic decrease in the 
dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-Cl, implying that 
degradation of the HITT-MSFs treated at about 5 mol% BMIM-Cl is 
accelerated due to the presence of the IL at this concentration.  An 
overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-Cl in water or greater 
signifies either a reduction in the hydrolytic depolyermization rate or a 
decrease in the solubility of hydrolyzed silicates by the 
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hydrionothermal solvent mixture.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profile. 
Figure B.1.10. Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium chloride (BMIM-Cl) ionic liquid (IL) composition 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in binary IL-deionized water mixtures for (a) 1-hour, (b) 2-
hours, (c) 4-hours, and (d) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  Degradation by dissolution of the HITT-MSFs increases 
monotonically with solvent mixture compositions greater than 0 mol% 
of BMIM-Cl in water but less than approximately 5 mol% BMIM-Cl 
for any treatment temperature, while a monotonic decrease in the 
dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-Cl, implying that 
degradation of the HITT-MSFs treated at about 5 mol% BMIM-Cl is 
accelerated due to the presence of the IL at this concentration.  An 
overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-Cl in water or greater 
signifies either a reduction in the hydrolytic depolyermization rate or a 
decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profile. 
Figure B.1.11. Plots of the reflectance-small angle x-ray scattering (r-SAXS) profiles 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
in binary 1-butyl-3-methylimidazolium chloride (BMIM- Cl)-
deionized water mixtures for 2-hours at (a) 100 ºC, (c) 125 ºC, (e) 150 
ºC, and (g) 175 ºC, and 12-hours at (b) 100 ºC, (d) 125 ºC, (f) 150 ºC, 
and (h) 175 ºC.  Disappearance of the single diffuse reflectance peak 
situated at about 2θ = 1.20° from the r-SAXS scattering profiles 
indicates that the film pore interconnectivity is increasing as the 
treatment temperature is increased, and a subsequent leftward shift in 
the diffuse reflectance peak Bragg angle entails that the film pore 
diameter is also enlarging. 
Figure B.1.12. (a) Plan sectional view scanning electron microscopy (SEM) image of 
a hydrionothermally treated (HITT) mesoporous silica film (MSF) 
treated at 100 °C for 12-hours in a 15 mol% binary solvent mixture of 
1-butyl-3-methylimidazolium chloride (BMIM-Cl) and deionized 
water, taken at a spot where a partial cross-section can be seen; and (b) 
scanning transmission electron microscopy (STEM) image of the same 
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MSF as in (a).  A slight increase in the pore interconnectivity and 
diameter is evident in both images which is consistent with the 
spectroscopic ellipsometry (SE) and reflectance-small angle x-ray 
scattering (r-SAXS) measurements presented previously for this 
HITT-MSF.  Scale bars given in each image correspond to 50 nm. 
Figure B.1.13. Plots of the relative film thickness (RFT) versus 1-butyl-3-
methylimidazolium acetate (BMIM-AcO) ionic liquid (IL) 
composition for hydrionothermally treated (HITT) mesoporous silica 
films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-
hours, (b) 12-hours, and (c) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  h corresponds to the MSF thickness resulting after 
imposing the specified treatment, while h0 refers to the initial, as-
assembled MSF thickness before the treatment was conducted.  
Degradation by dissolution of the HITT-MSFs increases 
monotonically with solvent mixture compositions greater than 0 mol% 
of BMIM-AcO in water but less than approximately 5 mol% BMIM-
AcO for any treatment temperature, while a monotonic decrease in the 
dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-AcO, implying 
that degradation of the HITT-MSFs treated at about 5 mol% BMIM-
AcO is accelerated due to the presence of the IL at this concentration.  
An overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-AcO in water or greater 
signifies either a reduction in the hydrolytic depolyermization rate or a 
decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profile. 
Figure B.1.14. Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium acetate (BMIM-AcO) ionic liquid (IL) 
composition for hydrionothermally treated (HITT) mesoporous silica 
films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-
hours, (b) 12-hours, and (c) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  n indicates the corresponding MSF refractive index (RI) 
for the specified treatment, while n0 refers to the initial, as-assembled 
MSF-RI prior to treatment and nAir represents the RI of air.  
Degradation by dissolution of the HITT-MSFs increases 
monotonically with solvent mixture compositions greater than 0 mol% 
of BMIM-AcO in water but less than approximately 5 mol% BMIM-
AcO for any treatment temperature, while a monotonic decrease in the 
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dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-AcO, implying 
that degradation of the HITT-MSFs treated at about 5 mol% BMIM-
AcO is accelerated due to the presence of the IL at this concentration.  
An overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-AcO in water or greater 
signifies either a reduction in the hydrolytic depolyermization rate or a 
decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for 
direction along a specific dataset and may not reflect the exact form of 
the dissolution profile. 
Figure B.1.15. Plots of the relative film thickness (RFT) versus 1-butyl-3-
methylimidazolium bromide (BMIM-Br) ionic liquid (IL) composition 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in binary IL-deionized water mixtures for (a) 2-hours, (b) 12-
hours, and (c) 24-hours at various temperatures as measured by 
spectroscopic ellipsometry (SE) performed at ambient lab conditions.  
Trend lines provided are for direction along a specific dataset and may 
not reflect the exact form of the dissolution profile. 
Figure B.1.16. Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium bromide (BMIM-Br) ionic liquid (IL) composition 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in binary IL-deionized water mixtures for (a) 2-hours, (b) 12-
hours, and (c) 24-hours at various temperatures as measured by 
spectroscopic ellipsometry (SE) performed at ambient lab conditions.  
Trend lines provided are for direction along a specific dataset and may 
not reflect the exact form of the dissolution profile. 
Figure B.1.17. Plots of the relative film thickness (RFT) versus 1-butyl-3-
methylimidazolium thiocyanate (BMIM-SCN) ionic liquid (IL) 
composition for hydrionothermally treated (HITT) mesoporous silica 
films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-
hours, (b) 12-hours, and (c) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  Trend lines provided are for direction along a specific 
dataset and may not reflect the exact form of the dissolution profile. 
Figure B.1.18. Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium thiocyanate (BMIM-SCN) ionic liquid (IL) 
composition for hydrionothermally treated (HITT) mesoporous silica 
films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-
hours, (b) 12-hours, and (c) 24-hours at various temperatures as 
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measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  Trend lines provided are for direction along a specific 
dataset and may not reflect the exact form of the dissolution profile. 
Figure B.1.19. Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 5 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, -
Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 
ºC as measured by spectroscopic ellipsometry (SE) performed at 
ambient lab conditions.  For all treatment temperatures, the dissolution 
rates appear to follow the anion ordering of Br- < Cl- < SCN- < AcO-, 
which suggests that the anionic species plays a catalytic role in silica 
dissolution and that steric hindrance of the anion from the silica 
surface occurs since the anion ordering for dissolution is inverted 
relative to the anionic nucleophilicity and size.  Trend lines provided 
are for direction along a specific dataset and may not reflect the exact 
form of the dissolution profile. 
Figure B.1.20. Plots of the relative film refractive index (RFRI) versus treatment time 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 5 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, 
Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 
ºC as measured by spectroscopic ellipsometry (SE) performed at 
ambient lab conditions.  For all treatment temperatures, the dissolution 
rates do not follow as clearly the anion ordering observed for the 
relative film thickness (RFT) plots of Br- < Cl- < SCN- < AcO-, but the 
general trend of this ordering seems to still be implied.  Even marginal 
consistency with this trend suggests that the anionic species plays a 
catalytic role in silica dissolution and that steric hindrance of the anion 
from the silica surface occurs since the anion ordering for dissolution 
is inverted relative to the anionic nucleophilicity and size.  Trend lines 
provided are for direction along a specific dataset and may not reflect 
the exact form of the dissolution profile. 
Figure B.1.21. Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 15 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, -
Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 150 ºC, and (c) 175 ºC as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  For all treatment temperatures, the dissolution rates appear 
to follow the anion ordering of Br- < Cl- < SCN- < AcO-, which 
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suggests that the anionic species plays a catalytic role in silica 
dissolution and that steric hindrance of the anion from the silica 
surface occurs since the anion ordering for dissolution is inverted 
relative to the anionic nucleophilicity and size.  Trend lines provided 
are for direction along a specific dataset and may not reflect the exact 
form of the dissolution profile. 
Figure B.1.22. Plots of the relative film refractive index (RFRI) versus treatment time 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 15 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, 
Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 150 ºC, and (c) 175 ºC as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  For all treatment temperatures, the dissolution rates do not 
follow as clearly the anion ordering observed for the relative film 
thickness (RFT) plots of Br- < Cl- < SCN- < AcO-, due to discrepancies 
with the SE measurements but the general trend of this ordering seems 
to still be implied.  Even marginal consistency with this trend suggests 
that the anionic species plays a catalytic role in silica dissolution and 
that steric hindrance of the anion from the silica surface occurs since 
the anion ordering for dissolution is inverted relative to the anionic 
nucleophilicity and size.  Trend lines provided are for direction along a 
specific dataset and may not reflect the exact form of the dissolution 
profile. 
Figure B.1.23. Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 25 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, -
Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 
ºC as measured by spectroscopic ellipsometry (SE) performed at 
ambient lab conditions.  For all treatment temperatures, the dissolution 
rates appear to follow the anion ordering of Br- < Cl- < SCN- < AcO-, 
which suggests that the anionic species plays a catalytic role in silica 
dissolution and that steric hindrance of the anion from the silica 
surface occurs since the anion ordering for dissolution is inverted 
relative to the anionic nucleophilicity and size.  Trend lines provided 
are for direction along a specific dataset and may not reflect the exact 
form of the dissolution profile. 
Figure B.1.24. Plots of the relative film refractive index (RFRI) versus treatment time 
for hydrionothermally treated (HITT) mesoporous silica films (MSFs) 
treated in 25 mol% IL-deionized water binary mixtures for 1-butyl-3-
methylimidazolium (BMIM) cation ILs with different anions (AcO-, 
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Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 
ºC as measured by spectroscopic ellipsometry (SE) performed at 
ambient lab conditions.  Even marginal consistency with this trend 
suggests that the anionic species plays a catalytic role in silica 
dissolution and that steric hindrance of the anion from the silica 
surface occurs since the anion ordering for dissolution is inverted 
relative to the anionic nucleophilicity and size.  Trend lines provided 
are for direction along a specific dataset and may not reflect the exact 
form of the dissolution profile. 
Figure B.1.25. Plot of Film (a) Thickness and (b) Refractive Index before and after 
surfactant template extraction by calcination of fabricated Mesoporous 
Silica Films (MSFs) used as the initial MSFs for solvothermal 
treatments conducted, as measured by Spectroscopic Ellipsometry 
(SE) performed at ambient lab conditions.  Data is arranged with 
respect to measurements collected at film locations along the length 
and direction of the dip coating axis (left-to-right corresponds to top-
to-bottom with a middle measurement made).  Black symbols indicate 
averages of the top, middle, and bottom measurements made for all 
films generated. 
Figure B.1.26. Solution pH of BMIM-AcO, BMIM-Br, BMIM-Cl, and BMIM-SCN 
in Water versus the BMIM-IL composition in % by Mol.  All 
measurements reported are those collected at ambient lab conditions. 
Figure B.1.27. (a) RFT and (b) RFRI for BMIM-Cl ITT-125 °C MSFs measured prior 
to ITT (Initial), after ITT, and after ITT followed by oxygen plasma 
treatment for 15 minutes at about 320 mtorr and 0.2 SCFH of flowing 
molecular oxygen. 
Figure B.1.28. Dynamic Sessile water drop contact angle plot for the BMIM-Cl ITT-
125 °C MSFs treated for (a) Initial/Untreated, (b) 1-hour, (d) 2-hours, 
(f) 4-hours, (h) 12-hours, and (j) 24-hours; and for the ITT-125 °C 
MSFs oxgen plasma treated for 15 minutes at about 320 mtorr and 0.2 
SCFH of flowing molecular oxygen following ITT for (c) 1-hour, (e) 
2-hours, (g) 4-hours, (i) 12-hours, and (k) 24-hours. 
Figure B.2.1. Solvent resistance data for a 22 nm diameter silica nanoparticle single 
coated film (SCF) and a 7 nm diameter tiantia SCF formed from 
nominal suspension concentrations of 15.0% and 10.0% for rotational 
rates of 2000 RPM and 4000 RPM, respectively, deposited on glass 
substrates.  Films were submerged for 74-days (106,560-minutes) in 
deionized water with a measured pH initially of 8.77 at 23.4 °C.  Film 
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ages before immersion were 101 days for the silica SCF and 198 days 
for the titania SCF. 
Figure B.2.2. (a) Plan-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) image of a 22 nm diameter nanoparticle 
single coated film (SCF) having a total thickness of 371 nm deposited 
onto 7059 borosilicate glass at a rotational rate of 2000 RPM from a 
suspension concentration of 16.5% by wt. of silica.  The image was 
taken at a magnification of 1,075× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 20 kV; (b) Plan-
sectional FE-ESEM image of the 22 nm diameter nanoparticle double-
layer, laminated film presented in Figure A4a of Appendix A.  The 
image was taken at the same conditions as sub-figure B.2.1a but at a 
magnification of 1,074× and a working distance of 5.1 mm; (c) Plan-
sectional FE-ESEM image of the 22 nm diameter nanoparticle SCF 
presented in Figure A4b of Appendix A.  The image was taken at same 
conditions as sub-figure B.2.1a; (d) Plan-sectional FE-ESEM image of 
the same film presented in sub-figure B.2.1a imaged at a magnification 
of 5,008× and a working distance of approximately 5.1 mm with an 
accelerating voltage of 20 kV; (e) Plan-sectional FE-ESEM image of 
the same film presented in sub-figure B.2.1b.  Imaging conditions were 
equivalent to that used for sub-figure B.2.1b only at a magnification of 
5,001×; (f) Plan-sectional FE-ESEM image of the same film presented 
in sub-figure B.2.1c imaged at a magnification of 5,002× and a 
working distance of approximately 5.0 mm with an accelerating 
voltage of 20 kV; (g) Plan-sectional FE-ESEM image showing the 
particle packing of one of the crack domains displayed in sub-figures 
B.2.1a and B.2.1d.  Imaging conditions were equivalent to that used 
for sub-figure B.2.1a only at a magnification of 80,084×; (h) Plan-
sectional FE-ESEM image showing the particle packing of one of the 
crack domains displayed in sub-figures B.2.1b and B.2.1e.  Imaging 
conditions were equivalent to that used for sub-figure B.2.1b only at a 
magnification of 80,008×; (i) Plan-sectional FE-ESEM image showing 
the particle packing of one of the crack domains displayed in sub-
figures B.2.1c and B.2.1f.  Imaging conditions were equivalent to that 
used for sub-figure B.2.1c only at a magnification of 80,033×. 
Figure B.2.3. (a) Cross-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) image of a double-layer, laminated film of 7 
nm diameter silica nanoparticles.  Thickness of the top fully cracked 
layer is about 353 nm deposited from a nominal suspension 
concentration of 16.0% by wt. silica and that of the bottom crack-free 
layer is approximately 354 nm consisting of 5-coatings consecutively 
deposited from a nominal suspension concentration of 4.0% by wt. 
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silica.  The image was taken at a magnification of 50,046× and a 
working distance of approximately 4.8 mm with an accelerating 
voltage of 10 kV; (b) Cross-sectional FE-ESEM image of a double-
layer, laminated film of 12 nm diameter silica nanoparticles.  
Thickness of the top fully cracked layer is about 365 nm deposited 
from a nominal suspension concentration of 17.0% by wt. silica and 
that of the bottom crack-free layer is approximately 379 nm composed 
of 6-coatings consecutively deposited from a nominal suspension 
concentration of 4.0% by wt. silica.  The image was taken at a 
magnification of 50,099× and a working distance of approximately 5.0 
mm with an accelerating voltage of 10 kV.  Both laminated films were 
prepared with about a 20-minute time duration between each 
subsequent coating in the MCF layers and by allowing for the bottom 
MCF layers to anneal for approximately a weeklong period before the 
SCF layers were deposited on-top. 
Figure B.2.4. Cross-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) images displaying the thickness growth data 
for a 250 nm particle multicoated film (MCF) formed from a nominal 
suspension concentration of 15.0% by wt. silica with a NaOH adjusted 
pH of 10.07 at 23.9 °C and for a rotational rate of 2000 RPM 
deposited on a 7059 borosilicate glass substrate.  Subsequent coatings 
were performed with about a 30-minute time duration between each.  
(a) Single coated film (SCF). The image was taken at a magnification 
of 14,891× and a working distance of approximately 5.0 mm with an 
accelerating voltage of 5 kV; (b) Double coated film (DCF).  The 
image was taken at a magnification of 14,948× and a working distance 
of approximately 5.0 mm with an accelerating voltage of 5 kV; (c) 
Triple coated film (TCF). The image was taken at a magnification of 
15,005× and a working distance of approximately 5.0 mm with an 
accelerating voltage of 5 kV.  All three images were collected with an 
axis tile of 4° relative to normal.  FE-SEM images demonstrate 
monotonic thickness growth of the 250 nm diameter silica particles 
indicating that the fluid transport process through preexisting coatings 
plays no significant role in the film formation mechanism for MCFs. 
Figure B.2.5. Thickness growth data for a 7 nm nanoparticle multicoated film 
(MCF) formed from a nominal suspension concentration of 2.15% by 
wt. titania and for a rotational rate of 2000 RPM deposited on a glass 
substrate.  Subsequent coatings were performed with about a 20-
minute time duration between each.  Measured pH of suspension was 
2.22 at 25.0 °C. 
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Figure B.2.6. Polarization spectra of a 184 nm single coated film (SCF) and a 189 
nm multicoated film (MCF) formed from the deposition of 7-layers of 
22 nm diameter silica nanoparticles as determined from measurements 
performed on a spectroscopic ellipsometer. 
Figure B.2.7. Refractive index spectra of a 184 nm single coated film (SCF) and a 
189 nm multicoated film (MCF) formed from the deposition of 7-
layers of 22 nm diameter silica nanoparticles as determined from 
measurements performed on a spectroscopic ellipsometer. 
Figure B.2.8. Measured transmittance spectra of the 7-layer Bragg reflector in 
different gaseous atmospheres demonstrating the chemical sensing 
capability as represented by changes in the wavelength location of the 
transmittance minima and its corresponding intensity. 
Figure B.2.9. Thickness versus the rotational rate and suspension concentrations for 
7 nm silica nanoparticle single coated films (SCFs) used to determine 
the spin conditions required to achieve a desired film thickness.  
Percentages given as labels within the plot are the nominal suspension 
concentrations of silica in % by wt. 
Figure B.2.10. Thickness versus the rotational rate and suspension concentrations for 
22 nm silica nanoparticle single coated films (SCFs) used to determine 
the spin conditions required to achieve a desired film thickness.  
Percentages given as labels within the plot are the nominal suspension 
concentrations of silica in % by wt. 
Figure B.3.1. Computed actual BDMIM-Cl composition after thermal equilibration 
at the specified temperature versus the initial BDMIM-Cl composition 
for a total internal container volume of: (a) 7 mL; and (b) 45 mL. 
Figure B.4.1. Conversion of BDMIM-Cl mole composition to mass composition 
(and vice versa) in binary BDMIM-Cl-water solvent mixtures.  
WBDMIM-Cl represents the mass composition of BDMIM-Cl in a binary 
BDMIM-Cl-water mixture in percent, XBDMIM-Cl is the mole 
composition of BDMIM-Cl in a binary BDMIM-Cl-water mixture in 
percent, MBDMIM-Cl is the molecular mass of BDMIM-Cl (188.70 
g/mol), and MH2O (18.01 g/mol) is the molecular mass of water. 
Figure C1. (a) process flow diagram of continuous flow reactor; and (b) 
photographic image of actual setup devised based off of a similar 
design.  
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PREFACE 
The Ph.D. has been the most character building experience in my life so far.  It has 
challenged me in ways that I was not expecting and not only because of the complexity of 
the problems I had worked on, but it was because of the extent to and directions within 
which I was required and challenged to grow that made it this way.  During my Ph.D. not 
only was I challenged in my work with an ever changing and very broad project, but life 
outside of this hit me in more ways than I had ever experienced.  I lost most of my 
grandparents, my father suffered a stroke, I was reunited with my mother, I lost and 
gained new friends, numerous other ongoings with my family and friends, I found the 
love of my life, and received grace, redemption, and peace when I thought I did not need 
them.  Through all of this, the biggest lesson that was reaffirmed within me and one I 
think I forgot up to this period is that although you are in the pursuit of something in a 
holistic and focused way, which you perceive as very important to you, often life has 
other plans and divergences you were not expecting and shows you a better purpose.  So 
definitely do not assume that you have it all figured out and that all things will go as you 
expect, and especially just because you work hard.  Although, I am not advocating a 
sense of hopelessness, or that idleness and apathy will be the best approach toward 
pursuing something you have a desire for even if things are not guaranteed in life.  Quite 
the opposite in fact, as hard work and striving for this are always highly required.  Only 
just that I learned in most instances when you are pursuing such an aspiration, a well 
developed and unrelenting amount of flexibility, patience, understanding, impartiality, 
graciousness, and even forgiveness usually are best given as accompaniments to one’s 
concentrations.  In these ways I have changed significantly and I am so very grateful for 
this.  In additiona, the other most important non-scientific concepts I learned along my 
Ph.D. journey are summarized indirectly by the following quotes which I hope can be 
inspirational and helpful to those who choose to follow a similar path and when they are 
faced with situations maybe similar to what I have experienced: 
 
"...small things [appear] great to those in small circumstances..." -Benjamin Franklin 
(1791) 
 
"Attitude is a little thing that makes a big difference." -Winston S. Churchill 
 
"I have not failed. I have just found 10,000 ways that won't work." -Thomas Edison 
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"The reasonable man adapts himself to the world; the unreasonable one persists in trying 
to adapt the world to himself. Therefore all progress depends on the unreasonable man." 
-George Bernard Shaw 
 
"The successful warrior is the average man, with laser-like focus." -Bruce Lee 
 
"The truth is incontrovertible, mailce may attack it, ignorance may deride it, but in the 
end; there it is." -Winston S. Churchill 
 
"Enter by the narrow gate; for wide is the gate and broad is the way that leads to 
destruction, and there are many who go in by it.  Because narrow is the gate and difficult 
is the way which leads to life, and there are few who find it." -Jesus Christ (ca. 31, NKJV 
Matthew 7:13-14) 
 
From these lessons, my advice to all Ph.D. students, and, particularly, those in their early 
years is: (1) try to take charge of your research and project direction immediately in 
anything and in any way you do your work, treat it as though it is squarely on your 
shoulders and you are the sole one responsible for it, like you are paying for it because 
you are with your time, and know that you can do it; (2) do not wait for instructions to be 
given to you or communicated to you on what to do next, what should be done, or what 
the expectations are; (3) do not only produce results just to please those above you but 
rather produce results so that you can go beyond where you are now and push against 
your abilities, skills, and understanding to always improve; (4) always try to minimize 
your work yet still doing things as innovative and efficiently as you are capable to; (5) 
always try to think about and find the next best idea for your project direction, how to do 
your current tasks, and  how to apply and maybe advance the current scientific theory and 
understanding; (6) never stop trying to learn, do not be resistive to learn new things 
because they will take time or energy, and never be afraid of not knowing or 
understanding something; (7) know that with time you will get better and things will get 
easier so sometimes even if you are out of breath and seem like you are barely keeping 
up, just keep doing this as soon you will find you are able to be ahead; and (8) no matter 
how hard it becomes, if you dearly want this degree never give up and never cut corners 
to make it easier on yourself.  From my experience and what I learned from the shared 
experience of others, not following these points may result in you losing lots of valuable 
time in your education, current and future career, life, and mental happiness and feeling 
of self-worth. 
 Jacob H. Prosser 
 May 25, 2015  
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CHAPTER 1. Introduction 
 
 
 
1.1 BACKGROUND 
1.1.1 Lignocellulosic Biomass and its Significance for Chemicals and Materials.  
Biomass such as lignocellulosics, polysaccharides, triglycerides, lipids, and proteins are 
renewable sources for synthesizing chemicals.1-18  In fact, lignocellulose is the most 
promising bioresource for renewably producing commodity scale chemicals that fit our 
current infrastructure due to its relative abundance19-24, indirect participation in our food-
supply chain25,26, remediation of fossil-fuel consumption27-30, and diversely transformable 
chemical form31.  Lignocellulose is the inedible, grainy portion of plant biomass that is 
usually found in the cell walls.32-35  Additionally, lignocellulosic biomass is secreted 
extracellularly by certain bacteria.36  Typically, lignocellulosic biomass consists of a 
mixture of three biopolymers: (1) cellulose; (2) hemicellulose; and (3) lignin (Figure 
1.1).37,38  The relative amounts of each of these three biopolymers is found to vary 
depending on many factors such as the species and location of cultivation.39  However, 
cellulose is usually the dominant of the three biopolymers.40 
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Figure 1.1. Static perspectives of molecular structures of: (a) cellulose; (b) xylose-type 
hemicellulose; and (c) lignin polymer chain segments. 
 
In plant cells, biopolymer chains are generally organized into microfibrillar bundles 
where nanometer diameter fibers of cellulose, predominantly in the I polymorphic 
crystalline structure, are encased in a thin layer of amorphous hemicellulose which serves 
to protect and separate it from the outer layer composed of lignin acting as the adhesive 
to bind together the microfibrils and provide mechanical strength to the cell wall (Figure 
1.2a).32,33,36  Microfibrils are assembled into macrofibrils having dimensions on the order 
of hundreds of nanometers to microns (Figure 1.2b) which serve as the building units of 
the cell wall (Figure 1.2c).  Such a complex structure therefore requires special processes 
to separate and recover desired lignocellulose biopolymers.40-47  Furthermore, purification 
from other chemicals contained in plants such as minerals, oils, acids, proteins, fats, salts, 
water, and other compounds is necessary to isolate lignocellulose.37  Many industrial 
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Figure 1.2.  Simplified diagrammatic depiction of the anatomical structure of the 
lignocellulosic building blocks of plant cell walls. Cross-section of a lignocellulose: (a) 
microfibril; (b) macrofibril; and (c) plant cell wall and membrane. 
 
scale processes such as various pulping processes have in fact been developed and well 
established for decades which separate and purify lignocellulose biopolymers from raw 
plant biomass.48,49  Most of these processes rely on the partial and preferential hydrolysis 
followed by solubilization of lignin and hemicellulose in certain aqueous phase solvents 
to yield nearly pure fractions of precipitable lignin and hemicellulose, and cellulose as 
“pulp”.50-53  However, improved methods for collecting useable lignocellulose from raw 
plant biomass remains an ongoing and expanding area of research and process 
development.54-56 
1.1.2 Lignocellulose Hydrolysis.  Synthesis of chemicals from lignocellulose 
following purification from plant biomass requires its chemical conversion.57-61  
(b)(a) (c)
Cellulose
Hemicellulose
Lignin
Cross-section of:
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Chemical conversion of lignocellulosic biomass through a hydrolysis pathway producing 
reformable intermediates has been demonstrated as highly advantageous for the 
production of chemicals (Figure 1.3).62  However, lignocellulosic hydrolysis is 
kinetically limited and is most efficiently carried out by catalysis.63,64  Catalytic 
hydrolysis of lignocellulose has traditionally involved homogeneous catalysts such as 
enzymes9,65-68, acids69-76, bases77-79, or metallic complexes80-83 to interfacially 
depolymerize insoluble lignocellulose in aqueous multiphasic mixtures.  But interfacial 
catalysis in this form is not optimal because the liquid phase homogeneous catalytic 
accessibility of solid lignocellulose is restricted.40-47 
One way to improve the catalytic accessibility and reduce the chemical recalcitrance 
of lignocellulose is to homogeneously dissolve it in a non-derivatizing solvent.84-86  
Interestingly though, cellulose, hemicellulose, and lignin are all insoluble in most 
solvents.87  Fortunately, certain ionic liquids (ILs) discovered and studied as solvents for 
other purposes over two-decades ago, were recently found to molecularly dissolve 
lignocellulosics without denaturation.88-104  Consequently, researchers are investigating 
ILs as novel solvents to use in liquid phase catalysis of homogeneously dissolved 
lignocellulose for producing renewable fuels and chemicals.105 
1.1.3 Ionic Liquids and Their Application to Lignocellulosic Biomass 
Conversion.  ILs are pure liquid phases composed mostly if not solely of ions that melt 
at temperatures below 100 °C.106  In fact, many of them are liquid at room temperature.  
Such ILs are commonly referred to as room temperature ionic liquids (RTILs).107  
Generally, ILs are 1:1 electrolyte salts where the cation is a bulky, organic molecule 
based on nitrogen or phosphorous in its first oxidized state, which provides the positive 
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Figure 1.3.  (a) hydrolysis reaction equations for (1) cellulose, (2) xylose-based 
hemicellulose, and (3) lignin; and (b) product synthesis chain. 
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charge, while the anion can be either monatomic or polyatomic, organic or inorganic, can 
have metals, and be acidic, neutral, or basic.  Since the cationic species is usually less 
variable than the anionic species, ILs are commonly distinguished and referred to by their 
type of cation (Figure 1.4). 
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Figure 1.4.  Static 2-D molecular structures of types of ILs and a corresponding example: 
(a) imidazolium, example – 1-butyl-3-methylimidazolium chloride, (BDMIM-Cl); (b) 
pyrrolidinium, example – 1-butyl-1-methylpyrrolidinium acetate (BMPyr-AcO); (c) 
pyridinium, example – 1-butyl-3-methylpyridinium bis(trifluorosulfonimide) (BMPy-
TFSI); (d) ammonium, example – teterabutylmethylammonium thiocyanate (TBMA-
SCN); and (e) phosphonium, example – tetrabutylphosphonium methanesulfonate (TBP-
MeSO3). 
 
ILs are very attractive and interesting liquids, and are the focus of many extensive and 
continuing research efforts because these are highly versatile.  Not only do ILs have very 
unique properties that very few other liquids have, such as being non-volatile, having 
very large electronic and ionic conductivities, a wide range of miscibilities and 
wettabilities, and broadly variable optical behavior, but their properties are highly 
switchable and tunable.108-112  Simply by changing one or all ions through relatively 
simple processes, drastically different chemical and physical properties will emerge.  
Additionally, a diverse amount and type of different ions, and, hence, ILs, can be 
synthesized, further increasing their versatility.113  ILs are so versatile in fact that they 
can be employed in a very wide range of applications where they serve in many different 
functions such as being solvents, electrolytes, lubricants, catalysts, heat-transfer fluids, 
and electromagnetic radiation transport media.114-118  Due to their unique properties, ILs 
are often capable of serving in these functions for novel systems.  One such example is 
that of lignocellulose which is generally insoluble in most solvents, but was discovered to 
be soluble to relatively high concentrations in many different ILs.88  Consequently, such a 
finding has created vast new research opportunities for determining how to use ILs as 
solvents in lignocellulose processing for generating materials and chemicals. 
Solubility of lignocellulose in ILs is dependent on the presence of certain 
contaminants (i.e., other ions, organic compounds from synthesis, water, etc.).  In fact, 
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the solubility of lignocellulose is drastically affected by the presence of water in certain 
ILs.  In the case of cellulose dissolution in ILs, water adversely effects its solubility 
where precipitation of cellulose is observed in many ILs when water reaches 
compositions on the order of 10-15 wt%.119  This can be an issue because water is 
inherently a ubiquitous contaminant for nearly all imidazolium-based ILs due to the 
commonality of synthesis and purification protocols followed.120,121  Consequently, the 
efficacy of ILs as solvents for the hydrolysis of cellulose may be diminished since water 
must be present in rather large quantities.  Additionally, this constrains cellulose 
hydrolysis to be carried out at lower cellulose concentrations in order to avoid 
precipitation, thereby, decreasing the overall processing throughput.  But in the case of 
lignin, the presence of water in specific ILs actually enhances its solubility in a certain 
composition range, indicating that it may therefore be more advantageous to use IL-water 
mixtures as the solvent media for the selective hydrolysis of lignin in lignocellulosic 
biomass.122 
Initial research efforts conducted in this area focused on nearly pure IL phase 
chemical conversion of homogeneously dissolved lignocellulosic biomass.  Such work 
mainly evaluated the effectiveness of homogeneous catalytic hydrolysis strategies 
originally used in aqueous dispersed, solid lignocellulosic, multiphasic systems.  Through 
this research many traditional homogeneous catalysts were in fact found more effective at 
catalytically hydrolyzing molecularly dissolved lignocellulose in ILs as compared to their 
capability in water, mainly due to the increased accessibility of lignocellulose.123-132  But 
simultaneously these catalysts in combination with the IL proved more challenging to 
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efficiently recover from the hydrolysis products for reuse, rendering catalysis in this form 
not any more practical than that carried out in aqueous phase.133-143 
1.1.4 Solid Catalysts for Lignocellulose Hydrolysis in Ionic Liquids.  Research 
focus has since shifted to mostly evaluating the potential of IL multiphasic catalysis for 
lignocellulose hydrolysis.144-146  The premise of such a catalytic strategy relies on 
interfacial catalysis of homogeneously dissolved lignocellulose adsorbed at a solid 
catalyst-IL solution interface.  However, such a reaction mechanism was recently 
demonstrated indirectly by others not to occur for most ILs and solid catalysts surveyed 
by this field.147,148  Nevertheless, IL multiphasic catalysis in this form potentially allows 
for adequate separation and recovery of the catalyst from the products and reaction 
medium since these are inherently phase separated, and, therefore, a more optimal 
reaction scheme than either aqueous multiphasic systems or homogeneous catalysts in 
ILs provide.149-155  Accordingly, much research has been devoted over the past nearly 
decade for examining the effectiveness of many different heterogeneous-solid acids used 
to promote IL dissolved lignocellulose hydrolysis.156-158  These solid-acid catalysts have 
typically consisted in part or in whole of acid functionalized organic resins or metal 
oxides (i.e., SiO2, Al2O3, etc.).  While many of these were reported as very capable of 
catalytically converting lignocellulosics in ILs, several issues and limitations are 
encountered in this conversion scheme.  Three of the most severe challenges in 
heterogeneous catalytic hydrolysis of lignocellulosic biomass in ILs by solids are: (1) ILs 
degrade chemically by many unidentified mechanisms at elevated temperatures;159 (2) 
some solids are known to solvothermally degrade in anhydrous ILs, and the solvothermal 
stability of most solids is unknown in ILs with water present;144 and (3) the catalytic 
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nature of certain solid acids can be detrimentally altered by ion exchange processes 
involving the IL ions147,148. 
Anhydrous ILs will thermally degrade at elevated temperatures.160  Degradation of 
ILs used as solvents in solution-based hydrolysis of lignocellulose can destructively 
effect this reaction as it can poison or inhibit it, or slow the kinetics and thermodynamics 
as the solvent quality changes throughout the reaction.  Most studies evaluating the 
thermal stability of ILs have only determined the temperature conditions at which these 
begin to and finish volatilizing.161  The main degradation mechanism proposed for how 
ionic liquids degrade is through the reverse Menshutkin S2N reaction, or dealkylation of 
the cation from the nucleophlic attack by the anion producing ionically neutral species.162  
However, such a change can still occur at relatively low temperatures (i.e., ~100 °C) 
reducing the purity of the IL phase.163  Very limited studies have been devoted to 
identifying the lower temperature limits at which this liquid degradation mechanism, and 
as a result, liquid phase instability occurs.164 
Solvothermal stability of solid acids in IL solvents has not been analyzed 
rigorously.165-167  Only preliminary examinations of the ionothermal stability of certain 
macroreticulated organic resins and zeoliotes in imidazolium based ILs have been 
conducted.144,167,168  The findings of these ionothermal stability evaluations determined 
that organic resins dissolve in imidazolium ILs with certain anions while zeolites were 
found chemically compatible with all IL phases and temperatures tested.  In contrast, 
significant degradation of such solid acids, especially metal oxides, has been found to 
occur in water at elevated temperatures169-176, preventing their use in most aqueous phase 
catalytic applications and suggesting that an understanding of the solvothermal stability 
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of solid catalysts in a particular solvent is necessary for liquid-phase catalysis.  
Additionally, since water is usually present as a reactant in the hydrolytic 
depolymerization of lignocelluloses, and certain solids such as many different metal 
oxides undergo solvothermal degradation in the presence of water, the chemical and 
physical stability of these solids in ILs containing water should be analyzed as well.  To 
the best of my knowledge, there has been no reported investigation of the stability of 
solid catalysts in IL-water binary solvent mixtures at elevated temperature at present. 
  The potential for lignocellulose biopolymers to actually transport to and adsorb on 
the surfaces of most solids in ILs has not been evaluated.  A relatively simple and 
effective method to do so in IL phase could be similar to that outlined in Katz, A., et al. 
2014 in aqueous phase.177  Although, care should be taken to avoid a false and inaccurate 
measurement of pseudo adsorbed lignocellulose resulting from solids washing with an 
antisolvent such as water.  In fact, many publications in this area have assumed that such 
a process takes place for the case of lignocellulose hydrolysis by Brönsted solid acids, 
while no actual experimental evidence supporting lignocellulose polymer adsorption onto 
the interface of solids that these researchers work with indeed occurs.166,178,179  
Consequently, those reports detailing conversions from the hydrolysis of lignocellulose in 
ionic liquids, and that attribute this to the heterogeneous catalyzed conversion by solid 
acids, are making such assumptions.  Whereas, in reality, deprotonation of the solid acid 
sites by ion exchange induced by the high concentration of IL cations occurs liberating 
protons into solution which then behave as homogeneous catalytic centers that drive 
lignocellulosic hydrolytic depolymerization.147,148,158,168  This was demonstrated 
indirectly by Rinalid, R. et al. and by examining how the proton ion concentration and 
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reaction kinetics vary with time in a IL-cellulose solution utilizing an Amberlyst® 
organic resin as solid acid catalyst, and comparing this to the kinetic behavior of the same 
system but utilizing a homogeneously dissolved mineral acid instead.147  In this 
investigation they demonstrate that the organic resin is deprotonated which they postulate 
from ion exchange with the IL cation.  This result was also supported by Kung, H. H. et 
al., where in an investigation with IL-water mixtures and Nafion® utilized for the 
aqueous phase hydrolysis of cellobiose, they present similar findings supporting IL 
deprotonation of these Brönsted acidic resins by IL cations.148  Therefore, such a 
denaturation in the catalytic behavior of these strong Brönsted acids by ILs restricts these 
from being used as catalysts for lignocellulose hydrolysis in ILs, and any other solid 
which can have their active catalytic surface sites altered by the IL solvent.  Furthermore, 
degradation of either the acid site or IL by the solid producing homogeneous acid groups 
in the IL phase offers even more alternate explanations for these findings.  Likewise, this 
is another property of solids, and specifically solids that have a catalytic nature, which 
has not been evaluated for the solids already tried in IL solvents. 
 
1.2 MOTIVATION 
The primary motivations for my research work on the use of IL-water mixtures for 
lignocellulose hydrolysis are as follows: 
1. Lignocellulosic biomass can be used to renewably produce many value-added 
chemicals we rely on.  It is an attractive feedstock for this purpose because it 
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is formed renewably, is relatively abundant, and does not compete directly 
with our food supply chain. 
2. Due to its physical form, conversion of lignocellulose in a solution phase is 
most optimal.  But very few solvents moleculary dissolve lignocellulose and 
those that do tend to be highly toxic, corrosive, flammable and explosive, 
poisonous to most catalysts or degradative towards the biopolymer chains in 
lignocellulose, and not very stable.47,84,177,180-184  Ionic liquids have been 
discovered to molecularly dissolve lignocellulosic biomass at low-to-moderate 
temperatures making these novel and much less harsh solvents good for 
generating homogeneous solutions of these biopolymers.  As a matter of fact, 
the solubility of lignin is found to be enhanced in IL-water mixtures down to 
relatively low temperatures for certain compositions and ILs, rendering these 
binary solvent mixtures from the standpoint of dissolution better candidates 
than pure ILs. 
3. Solution-based hydrolysis of lignocellulose is a practical way to chemically 
convert it to value-added chemicals.  The hydrolysis of lignocellulosic 
biomass is kinetically limited though and to obtain appreciable conversions, 
catalysts must be used.  Homogeneous catalysts, although effective at 
hydrolyzing lignocellulose in ILs, are not easily separated from the products 
or IL reaction phase.  Heterogeneous, solid catalysts are very recoverable 
from ILs rendering these better for product separation and recovery. 
4. Many solids already investigated as possible heterogeneous catalysts degrade 
in water.  Also, some solid catalysts used have been found to degrade in 
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certain ILs.  The solvothermal stability of most solids already investigated as 
possible heterogeneous catalysts in ILs has not been evaluated.  Most 
researchers also have not considered whether water, which must be present as 
one of the reactants for the hydrolysis of lignocellulose, in ILs can still cause 
degradation to water unstable solids like several different metal oxides. 
5. ILs themselves can undergo thermal degradation at elevated temperatures, an 
issue often overlooked also and one that has not been adequately evaluated for 
the liquid phase yet. 
6. A change in the acidity nature of certain solid acids is induced through the ion 
exchange of the IL cation negating their use as heterogeneous catalysts.  Very 
few analyses into how ILs change the catalytic nature or behavior of solids 
has been conducted, or whether these are deactivated.  A proper 
heterogeneous catalytic nature has yet to be determined. 
7. No investigation for how IL solvents effect or change the fundamentals of the 
hydrolysis reaction has been performed.  ILs can drastically alter both the 
equilibrium and kinetics of the reaction relative to other solvents, and such 
that ILs may in fact be bad solvents to use for carrying out hydrolysis, even 
though they are good at dissolving lignocellulsic biomass. 
 
1.3 THESIS OBJECTIVES AND OUTLINE 
1.3.1 Objectives.  The goal of my thesis is to assess the use of binary ionic liquid-
water mixtures as solvent media to carry out the heterogeneously catalyzed hydrolytic 
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depolymerization of lignocellulosic biomass, with a specific focus on examining their 
suitability for lignin hydrolysis by solid metal oxides.  In particular, by using 
imidazolium based ionic liquid-water mixtures with γ-alumina solid Lewis acid catalysts, 
I address the following three limitations encountered in the ionic liquid phase hydrolysis 
of lignocellulose: 
1. Ionic liquid thermal stability and thermochemical degradation. 
2. Solvothermal stability of metal oxides in anhydrous ionic liquids and ionic liquid-
water mixtures. 
3. Change in the nature of interfacial acidity of solid acids having Brönsted acid 
functionality caused by ionic liquid cation induced deprotonation through ion 
exchange. 
 1.3.2 Outline.  In Chapter 2 I will address the limitation of the thermal degradation 
of ionic liquids.  I will show that water can suppress or drastically reduce the thermal 
degradation of imidazolium ionic liquids when present in an appreciable amount.  
Additionally, I present my use of two analytical methods yet to be reported as in use by 
others for quantifying solution phase degradation of ionic liquids.  Finally, from the 
results obtained from these two analytical measurement techniques, I propose that there 
are two different roles water plays in reducing the thermal degradation of ionic liquids 
which depends on the mixture composition. 
Chapter 3 examines the stability of mesoporous silica in anhydrous ionic liquids and 
ionic liquid-water mixtures, and Chapter 4 presents the same stability examination but 
for a commercial mesoporous γ-alumina catalyst.  My focus is placed on assessing the 
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solvothermal stability of silica and alumina since previous research conducted by others 
has also focused on using siliceous and aluminous based solids and acid functionalized 
silicas and aluminosilicates as solid-acid catalysts for liquid phase hydrolysis of 
lignocellulose and lignocellulose model compounds in ILs.75,143,154,164,165,168,185  
Additionally, the synthesis of silica, alumina, and aluminosilicates is inexpensive, well 
understood, and highly adaptable allowing for the fabrication of large pore, high surface 
area solids with well controlled pore sizes, geometries, and arrangements in either bulk 
solid or thin film form, which are desirable properties for the heterogeneous-solid 
catalyzed conversion of biomass in liquid phase.145-152  I demonstrate that mesoporous 
silica and γ-alumina are solvothermally stable in anhydrous ionic liquids, and, most 
importantly, that these are in fact stable in ionic liquid-water mixtures having water in 
amounts up to 75 mol% and less, even despite silica and γ-alumina degrading 
substantially in the presence of water.  I hypothesize that this hydrionothermal stability of 
these two metal oxides is due to the interfacial adsorption onto and passivation of the 
metal oxide-solvent phase interface by the ionic liquid cation, thereby preventing water 
from nucleophilically reaching the solid surface. 
Chapter 5 will discuss how binary ionic liquid-water mixtures affect the hydrolysis 
reaction of a lignin model compound (benzyl phenyl ether).  I find enhanced pseudo first 
order reaction rates and rate constants for the conversion of benzyl phenyl ether in IL-
water mixtures by 6-7 orders of magnitude relative to those found for the hydrolysis of 
this compound in water by Lu, X. Y. et al.186  However, the yield of expected hydrolysis 
products (phenol and benzyl alcohol) and unidentifiable yet detectable and relatively 
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quantifiable degradation products does not explain the total change in the model reactant.  
Implication of this is that additional, undetectable hydrolysis degradation products could 
be forming and/or possibly alternate reactions of benzyl phenyl ether other than 
hydrolysis forming products also not measureable could be taking place.  Consequently, I 
conclude that the selectivity for benzyl phenyl ether hydrolysis to phenol and benzyl 
alcohol is low in IL-water mixtures.  Finally, I present my use of commercial γ-alumina 
to catalyze the hydrolysis of benzyl phenyl ether in ionic liquid-water mixtures.  I 
measure no significant difference between the reaction rate determined where no catalyst 
is used, and the reaction rate when this solid acid is present, indicating that γ-alumina 
does not substantially catalyze the conversion of benzyl phenyl ether.  But when I 
analyze and compare the degradation product distributions, I find an appreciable 
difference in the identity and quantity of some degradation products. 
In conclusion of my thesis, I will summarize the findings and implications of the 
previous chapters and offer suggestions for ongoing work for future researchers 
interested in continuing this work in Chapter 6. 
Supplementrary and supporting information is included within my appendix section 
(Appendix B), along with a technical presentation of a method for avoiding the formation 
of cracks and delamination in nanoparticle thin films during film fabrication I discovered 
while working towards my thesis (Appendix A), as well as a flow reactor system I setup 
to be used for evaluating the performance of binary IL-water solvents as reaction media 
in a continuous fashion (Appendix C). 
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CHAPTER 2. Hydro-suppression of the Thermal 
Degradation of Ionic Liquids 
 
 
 
2.1 INTRODUCTION 
Chemical degradation, often refered to as non-selective or undesirable side reactions, 
is a major concern for systems within which chemical conversion or catalysis is carried 
out, not only because of the potential to lose valuable reactants or products to undesirable 
compounds which contaminate the system, but also because degradation products can 
often detrimentally effect the reaction.1  In particular, products formed from side 
reactions can change the mechanism of the reaction by actively participating in a 
mechanistic step(s) thereby substantially altering the desired reaction kinetics and/or 
product distribution, they can poison a reaction by irreversibly reacting with one or all of 
the reactants, desired products, catalysts, or solvent, and they can catalyze other side 
reactions undesirably consuming either or both reactant and desired product.2-5  In many 
instances, often spectator molecules not directly part of the reaction but those required to 
be present in order for the reaction to be carried out, such as solvent molecules, are 
degraded which can lead to these effects.6,7  It has been previously shown for many 
different reactions carried out in solution that the identity of the solvent can drastically 
effect or influence both the reaction equilibrium and kinetics.8  Therefore, a chemically 
changing solvent due to chemical degradation can inherently alter how the reaction 
proceeds.  One such example of solvent degradation leading to an adverse effect on a 
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reaction is the thermal degradation of 1-alkyl-3-methylimidazolium (AMI) ionic liquids 
(ILs) forming imidazole bases which can promote the condensation between the AMI 
cations and dissolved cellulose.9,10 
Recently, and over about the past few decades or so, many researchers have been 
examining the use of ionic liquids (ILs) as alternative solvents for many different 
purposes such as chemical separations, dissolution, and most importantly as the media for 
hosting reactions.11  A specific example of the use of ILs as solvent media for carrying 
out reactions of particular interest to my work is the use of ILs as solvents for 
lignocellulosic biomass conversion processes.12,13  Besides their excellent dissolving 
capacity of lignocellulose, ILs have been considered and heavily researched as good 
alternative solvents for this application because these are regarded as highly thermally 
stable.14  This is especially the case for imidazolium ILs since these are viewed as highly 
thermally stable solvents with virtually no vapor pressure even up to their thermal 
degradation limit.15  In fact, the thermal degradation temperatures for many 1,3-dialkyl 
and 1,2,3-trialkylimidazolium ILs are reported as being substantially higher than the 
temperatures at which many solution based reaction processes are carried out (as high as 
400 °C or just in excess of 750 °F).16  But most investigations of the thermal stability of 
ILs have only considered their degradation by volatilization leading to detectable mass 
losses, and so have examined and reported the thermal stability of ILs through the use of 
thermogravimetric analysis measurement techniques.17  Only a few studies have been 
devoted to quantifying liquid phase chemical changes in ionic liquids.18  However, 
changes in the chemical nature of the IL due to thermal pyrolysis without volatilization is 
the most important form of degradation to understand for the case of IL solution based 
44 
 
reaction systems as discussed.  Such studies focusing on chemical degradation of ILs in 
the liquid phase have found that the temperature at which degradation truly starts and can 
occur is as low as 100-200 °C less than that identified by researchers reporting thermal 
volatilization degradation limits for many ILs even of the imidazolium class.  Such a 
large discrepancy in the widely reported thermal stability of ILs can prove dissatisfactory 
to researchers using ILs for applications under conditions which cause liquid phase 
changes when these are unwarranted, such as in catalysis applications in IL solution 
phase.  Consequently, the thermal degradation limits for ionic liquids must be defined 
more carefully and better methods developed for determining IL phase degradation.  
Furthermore, a method to improve the liquid phase thermal degradation of ILs needs to 
be developed in order for these to remain attractive as alternative solvents. 
To this extent, I evaluate the thermochemical degradation in the liquid phase of the 
1,2,3-trialkylimidazolium halide ionic liquid 1-butyl-2,3-dimethylimidazolium chloride 
(BDMIM-Cl) and present my analysis of its decomposition under thermal treatment, as 
well as my discovery that water appears to significantly reduce its thermal degradation 
when present above certain concentrations.  I select BDMIM-Cl because of its known 
ability to dissolve lignocellulosic biomass at moderately low temperatures,19 since it is a 
1,2,3-trialkylimidazolium IL and one of the most thermally stable class of ILs,20 and 
because of its known low cationic acidity due to alkylation at the C2-position of the 
imidazolium cation which is a desired characteristic for the work presented in Chapter 
521.  Additionally, I demonstrate that UV-Vis spectorphotometry and high performance 
liquid chromatography (HPLC) are effective for identifying the degree of degradation 
occurring in the IL phase.  From my findings, I propose that BDMIM-Cl-water mixtures 
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are better solvents to use at elevated temperatures than anhydrous BDMIM-Cl as these 
mixtures are more thermally stable. 
 
2.2 EXPERIMENTAL 
2.2.1 Materials.  BDMIM-Cl (99.7%, Figure 2.1) was purchased from Sigma-
Aldrich and used as received.  All other chemicals and reagents used were acquired from 
Fisher Scientific and used as received.  BDMIM-Cl was stored and mainly handled inside 
a nitrogen gas inerted, positive pressure glovebox to prevent and minimize exposure to 
oxygen and moisture.  Only selectively was BDMIM-Cl exposed to air for testing the 
thermal stability of this in the presence of a significant partial pressure of oxygen.  
 
Figure 2.1.  Static 2-D molecular structure of BDMIM-Cl. 
2.2.2 Thermal Treatment Methods.  Thermal treatments were conducted on about 1 
g of BDMIM-Cl being mixed with the appropriate amount of deionized water produced 
from a Diamond RO/Nanopure water purification system with a resistivity of less than 
18.2 mΩ·cm and further purified to remove dissolved oxygen by purging with ultra high 
purity helium in a fully sealed glass 24 mL vial for about 1-hour necessary to generate the 
desired binary solvent composition giving a total solvent quantity in the range of about 1-
2.2 g.  BDMIM-Cl-water binary solvent mixture compositions were discretely controlled 
within the range of 5 mol.% to ~100 mol% and all treatments took place at 200 °C for 24-
hours, as this temperature and duration are the highest and almost an order of magnitude 
N
N
C
CH3
H3
ClCH3
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longer than the longest time that other researchers have run lignocellulosic biomass 
conversion reactions for in IL phase, respectively.22-24  All thermal treatments were run in 
batch type autoclave assemblies utilizing an internal container to directly hold the solvent 
mixture consisting of an 8 mL glass vial with top sealed by an 8 mm OD Suba Seal® 
silicone type high temperature self-sealing rubber stopper having two 2.5” long strips of 
High density Mil-T-27730A type polytetrafluoroethylene (PTFE) thread tape purchased 
from Taega Technologies, Inc. in rolls of 1/2" x 600" having been heat treated in air at 
250 °C for about 30 minutes and chemically extracted with HPLC grade acetone soaking 
three times over a duration of about 30 minutes each followed by rinsing after each 
acetone extraction with deionized of the same quality used to make the binary solvent 
mixtures wrapped around the inside serated flange to increase its diameter and cover the 
stopper for additional protection.  Suba Seal® stoppers were solvent extracted with 
HPLC grade acetone similarly to how the PTFE tape pieces wrapped around these were, 
but additional sonication for about 5 minutes during each extraction was performed to 
ensure that any extractable species was removed as much as possible prior to using in the 
thermal treatments.  After sealing each vial with the Suba Seal® stoppers, the outer 
flange was further sealed and tightened by wrapping more PTFE tape (not chemically 
extracted since this was on the outside and would not come in contact with the solvent 
mixture directly) around the outside of the vial at the stopper sleeve joint with at least 
three full rounds of PTFE tape.  Subsequent to securing the stopper in place with PTFE 
tape, two pieces of 16 AWG copper wire were wrapped separately and alternately around 
the vial mouth over the PTFE tape sealed stopper to provide the main form of stopper 
sealing and security (Figure 2.2a).  Solutions were made by first weighing BDMIM-Cl 
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into the 8 mL glass vial with a Mettler-Toledo XS-105 dual range analytical balance 
followed by sealing as just described all done in a nitrogen inerted positive pressure glove 
box, and then dispensing by mass through the Suba Seal® stopper using a 1.5”-21 gauge 
stainless steel needle and 5 mL all plastic BD syringe, the water required to generate the 
desired binary solvent mixture.  The mixture was then allowed to sit for about 10 minutes 
to let the water and IL mix sufficiently prior to starting the thermal treatment.  Treatments 
were then carried out by placing the mixture vial into a 100 mL PTFE acid digestion liner 
with lid (Figure 2.2b), then this into a corresponding high pressure acid digestion 
assembly (Figure 2.2c), and finally sealing the vial into the PTFE liner and acid digestor 
by screwing on the digestor enclosure assembly.  The inner vial assembly was tall enough 
to allow for the PTFE lid of the digestor liner to come in contact with PTFE lid which 
provided compression sealing to keep the stopper in place and from rupturing.  The acid 
digestor was then placed into a Fisher Isotemp vacuum oven (Model 281A) which 
controlled the enclosure temperature to within ±2 °C. 
 
Double Wrapped 16AWG 
Copper Wire
Suba Seal® High Temperature 
Self-Sealing Stopper
Mil-T ½” Teflon® Tape
8 mL Glass Vial
(a) (c)(b)
48 
 
Figure 2.2.  (a) Silicone septa sealed, high temperature and pressure internal container 
used for BDMIM-Cl degradation evaluations; (b) 100 mL PTFE acid digester liner with 
removable lid; and (c) batch autoclave/acid digester assembly.  Sub-figures are not to 
scale. 
 
Following the elapsed treatment duration, treatment containers were quenched in ice 
for approximately 15 minutes to adequately cool and significantly decrease the effects of 
temperature on the solvent.  Once cooled to near room temperature, all treatment 
mixtures were further quenched by removing the Suba Seal® stopper assemblies installed 
into the inner vial containers and diluting with about 5 g of deionized water (5-times the 
mass of IL used for the treatment mixture).  Diluted mixtures were swirled for about 1 
minute and allowed to sit at ambient lab conditions capped with the original vial screw 
cap on having been sealed with a strip of parafilm wrapped over the vial neck and cap for 
about 10 minutes to allow for dissolution of the solvent used for the particular treatment 
at room temperature to occur.  The diluted mixtures were then stored in a refrigerator 
maintained at about 3 °C until analysis could be performed. 
For those thermal treatments of BDMIM-Cl carried out in air, the BDMIM-Cl was 
not sealed within an internal vial container but instead was weighed into a smaller acid 
digestion system and similar to that used in Chapters 3 and 4 in a nitrogen gas inerted 
glove box and then the appropriate amount of water was added by weight in open air with 
a Denver Instrument Timberline TP-1502 precision balance.  All other steps followed 
were identical to those followed for BDMIM-Cl-water mixtures maintained in an inerted 
atmosphere, except following dilution after thermal treatment the mixtures were allowed 
to sit for about 30 minutes in the PTFE liner covered with its lid not sealed to allow for 
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adequate dissolution at room temperature and then transferred into an 8 mL glass vial 
using a glass volumetric pipette. 
2.2.3 Thermally Treated Ionic Liquid-Water Binary Solvent Characterization 
Methods.  Binary solvent mixtures were analyzed by UV-Vis spectrophotometry and 
high performance liquid chromatography (HPLC). 
UV-Vis transmittance measurements were conducted on each solution using a Varian 
Cary 5000 UV-Vis-NIR double port spectrophotometer in the wavelength range of 200-
800 nm at a wavelength resolution of 1 nm and a full slit height of 1.5 cm having a 
corresponding slit bandwidth of 2 nm with a Tungsten halogen visible radiation source 
and a deuterium arc UV source.  All measurements were carried out in a single port and 
by dispensing approximately 100 µL of solution into a 1 cm path length, 0.7 mL fused 
quartz VWR International 170-2700 nm wavelength range ultraviolet microcell cuvette 
(solution level just above window height and at the start of the neck transition region) 
using a glass volumetric pipette, capping the cuvette with the supplied flat type PTFE 
cap, and letting sit within the analyzer for about 1 minute prior to starting measurement to 
allow for equilibration to the ambient temperature.  For every measurement the same 
quartz cuvette was used which was cleaned after each measurement and before using for 
the next sample by disposing of the sample, rinsing once by filling with deionized water 
of the same quality as used to generate the sample, rinsing three times with acetone filling 
each time, then rinsing with deionized water also filling each time for three times, and 
ultimately drying with compressed molecular nitrogen gas.  A baseline transmittance of 
the blank and capped quartz cuvette filled with air only was deducted from each sample 
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automatically within the Varian Scan software so that a corrected absorbance of the 
solution only was determined and reported.  Data corrections in the raw UV-Vis 
measurements was done by correcting the artificial increase in absorbance due to the UV-
Vis radiation source changeover occurring at about 350 nm and to put all curves on the 
same scale for direct comparison, both of which only required vertical displacements in 
the data ranges. 
HPLC was performed using a Shimadzu LCMS-2010 EV liquid chromatograph mass 
spectrometer with a SPD-20A Prominence dual channel UV-Vis detector.  For the 
stationary phase, a Shimadzu Premier 150 mm long x 10 mm ID stainless steel column 
packed with 5 µm diameter reversed phase C-18 functionalized silica beads with 12 nm 
diameter pores was used for sample fractionation.  All HPLC measurements were run in 
isocratic mode having a carrier phase with a constant 15:85 volumetric ratio of HPLC 
grade acetonitrile:ultra filtered and deionized HPLC grade water and pumped at a 
constant rate of 4 mL/min.  The sustained pressure at the pump discharge for this 
operation was about 1125-1170 PSIG.  For each measurement, about 1.9 mL of each 
sample was transferred from their respective 8 mL glass vial into separate new 2 mL 
glass screw top sampling vials with amenable septa screw caps which were installed 
following sample transfer.  All exposed surfaces inside the sampling vial were contacted 
with the sample by inverting several times.  During measurements, samples were 
collected and dispensed by the onboard automated sampling system in amounts of 10 µL 
and only after the column was fully eluted using 100% acetonitrile at 4 mL/min for about 
5-minutes and then allowing the system to equilibrate as indicated by a steady state signal 
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output from detector under the measurement carrier phase mixture ratio.  UV absorbance 
detection was measured at 254 nm and 280 nm simultaneously using the dual channel 
detector to optimize detection of the species of interest.  After dispensing and all 
measurements were made, all 8 mL sample vials were re-sealed with parafilm sealing 
strips as done prior to analysis and stored under refrigeration at about 3 °C along with the 
septa sealed chromatography sample vials.  Ionic liquid standards at concentrations of 
about 1.870 mol% (same concentration as experimental samples) and 0.187% were 
generated in water by weighing the appropriate amount of BDMIM-Cl and water into an 
8 mL glass vial and then analyzing according to this same protocol described for each 
sample.  A standard curve relating the chromatograph area to the IL concentration was 
computed and used to determine the concentration of IL in each sample. 
 
2.3 RESULTS AND DISCUSSION 
Thermal degradation of BDMIM-Cl occurs at 200 °C over 24-hours.  This is apparent 
in the darkening of this IL after thermal treatment at these conditions (compare Figure 
2.3a to 2.3l).  It has been proposed by others that imidazolium ILs degrade under thermal 
treatment from the nucleophilic attack of the cation by the anion typically through an S2N 
mechanism depending on the type of anion, generating a dealkylated cation and alkylated 
anion which themselves can undergo further degradation to other chemical species 
resulting in a change in color of the IL phase.20  Degradation by anion nucleophilic 
dealkylation of the cation is observed to depend on many factors such as the type and 
nature of the cation where imidazolium cations are found to be the most stable of all 
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cyclic nitrogen based cations, the degree of alkylation with highly alkylated cations being 
more stable (e.g., trialkyl versus dialkyl versus alkyl), the degree of saturation and length 
of alkyl substituents as primary alkyl groups are the most stable and longer groups 
undergo dealkylation more readily, and the nucleophilcity of the anion.25 
 
Figure 2.3.  Photographic images of: (a) nearly pure and untreated BDMIM-Cl; and (b) 5 
mol%, (c) 15 mol%, (d) 25 mol%, (e) 35 mol%, (f) 45 mol%, (g) 50 mol%, (h) 65 mol%, 
(i) 75 mol%, (j) 85 mol%, (k) 95 mol%, and (l) nearly pure BDMIM-Cl all treated at 200 
°C for 24-hours.  Binary solvent mixtures were maintained within an inert molecular 
nitrogen atmosphere during thermal treatment.  All solutions pictured are diluted in water 
to the same concentration of BDMIM-Cl of about 1.87 mol%.  Copper wire wrapped 
around vials is for an external marker only and no other purpose than allowing for 
differentiation of the different mixtures from one another. 
 
Upon adding water to BDMIM-Cl and subsequently thermally aging the binary 
BDMIM-Cl-water mixture at the same temperature and for 24-hours, the color change, 
and thus amount of degradation, is observed to decrease with increasing amounts of water 
and decreasing IL composition (Figure 2.3).  Such a result suggests that the presence of 
water inhibits or suppresses the thermal degradation of BDMIM-Cl (Figure 2.3).  
However, this increased thermal stability and ability of water suppress the thermal 
degradation of BDMIM-Cl depends on the amount of molecular oxygen present in the 
atmosphere the mixture is maintained under.  When a 30 mol% BDMIM-Cl-water 
mixture is maintained under an inert molecular nitrogen atmosphere degradation is 
inhibited (Figure 2.4a).  But when a mixture having the same BDMIM-Cl composition is 
thermally aged in the presence of air, and, hence, a substantial quantity of molecular 
~100% 5% 15% 25% 35% 45% 50% 65% 75% 85% 95% ~100%
Treated at 200 °C for 24-HoursUntreated
(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l)
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oxygen, thermal degradation of this mixture occurs almost to the same extent as the 
anhydrous IL treated at the same conditions but under a nitrogen atmosphere (Figure 2.4b 
and Figure 2.3l).  Degradation of ionic liquids in the presence of oxidizing atmospheres 
has been investigated by others previously and for certain ionic liquids a significant 
increase in the amount of thermal degradation due to the presence of oxygen was found.26  
However, certain other researchers have reported that the presence of oxygen for ILs with 
halide anions appears to have little effect on the thermal stability or degradation.20  
Nonetheless, for the case of BDMIM-Cl in relatively large quantities of water, oxygen 
does appear to have a significant impact on its thermal stability and degradation (Figure 
2.4).  Potentially this indicates that the dissolved oxygen content of the IL-water phase is 
larger given that solubilities of oxygen in ILs tends to be low, and with the addition of 
water which can dissolve oxygen to a larger extent this will increase.17,27 
 
Figure 2.4.  Photographic images of BDMIM-Cl-water binary solvent mixtures having 
compositions of 30 mol% BDMIM-Cl treated at 200 °C for 24-hours in the presence of: 
(a) an inert molecular nitrogen atmosphere; and (b) air.  Both solutions are diluted in 
water to the same concentration of BDMIM-Cl of about 1.87 mol%. 
 
Increasing thermal degradation with increasing composition of BDMIM-Cl in ionic 
liquid-water binary mixtures is also confirmed more quantitatively through colorimetric 
In N2
30%
In Air
30%
(a) (b)
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measurements.  UV-Vis spectra collected from this set of samples are found to show a 
broadband absorbance in the range from 400 nm to 800 nm indicating a broad spectrum 
color change consistent with the color change observed visually (Figure 2.5).  
Consequently, most degradation products formed that are visually detectable through the 
shift in color are characterized in this wavelength range.  Likewise, a change in the 
amount or concentration of the ionic liquid is proportional to the vertical displacement 
downward of the diffuse broadband absorbance measured in the range of about 200 nm to 
250 nm where it is known that imidazolium based ionic liquids absorb strongly due to the 
cation.28-30  Additionally, the broadening, magnitude decrease, and mean value red shift 
in the spectrum absorbance occurring in the range of approximately 250 nm to 400 nm 
 
Figure 2.5.  UV-Vis absorbance measurements on the thermally treated binary BDMIM-
Cl-water mixtures displayed in Figure 2.3. 
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indicates additional degradation products not visible or expressly detectable through a 
color change.  The appearance of the two peaks situated at about 620 nm and 670 nm 
could be an indication of the formation of a specific chemical species I am unable to 
identify.  These peaks seem to appear for compositions in the range of 15 mol% to 
anhydrous BDMIM-Cl, while for the 5% no such peak is really visible.  But their relative 
magnitudes when corrected by the background absorbance looks to be the same 
indicating that the concentration of these apparent species is not changing, and hence may 
have reached pseudo equilibrium. 
To quantify the change in the relative amount of visible and invisible degradation 
products as well as the change in the relative amount of ionic liquid as the intial mixture 
composition is changed, the UV-Vis absorbance data in the respective ranges for each 
species are used.  A total increase in the relative degradation products with increasing 
BDMIM-Cl composition is observed for both the visible (400-800 nm, Figure 2.6a) and 
invisible (250-400 nm, Figure 2.6b) degradation products. Such a quantitative result 
supports the color change apparent with increasing BDMIM-Cl composition (Figure 2.3).  
Simultaneously, a decrease in the relative amount of BDMIM-Cl is also seen as the initial 
ionic liquid composition is increased, demonstrating that the degradation is reduced when 
water is present in larger quantities (Figure 2.6e).  A change in the distribution of 
degradation products is also found to occur as the BDMIM-Cl composition is changed.  
With increasing BDMIM-Cl composition, the invisible degradation products appear to 
become more diverse as evidenced by the red shift in their mean value wavelength 
(Figure 2.6b and d) and broadening of their wavelength distribution (Figure 2.6d).  
Alternatively, the visible degradation products only appear to be proportionately 
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increasing in quantity such that the distribution of these products appears only to be 
changing in magnitude and not variety.  Significance of this behavior is that the water 
present in a particular ionic liquid-water mixture not only suppresses the degradation of 
the IL, but also inhibits degradation of some of the products that the IL is degraded to 
suggesting that water may be playing some chemical role other than inhibition through 
co-solvation.  Additionally, a change in the increase in the visible degradation products is 
observed with increasing IL when the initial composition is greater than about 65-70 
mol% BDMIM-Cl.  In the composition range of about 5-65 mol% BDMIM-Cl, the 
visible degradation products increase approximately linearly and with increasing IL 
composition.  Above 65 mol%, a more drastic increase in these degradation products is 
found with increasing BDMIM-Cl.  This change indicates that two different mechanisms 
for IL degradation inhibition by water could be occurring separately within each of these 
two different composition ranges.  From my analysis of these relative degradation results, 
I postulate that: (1) dilution by water in the composition range of 5-65 mol% is what 
probably leads to the more gradual monotonic decrease in visible degradation products 
with decreasing BDMIM-Cl; (2) 65-70 mol% BDMIM-Cl is approximately the solubility 
composition of this IL at 200 °C in water where at higher compositions the solvent nature 
switches from being controlled mainly by water to BDMIM-Cl; and (3) the mechanism of 
degradation above this solvent transition composition of about 65-70 mol% BDMIM-Cl 
in water is dependent on and determined by this different solvent structure31. 
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Figure 2.6.  Quantification from the UV-Vis spectrophotometric measurements presented 
in Figure 2.5 for the treatment samples displayed in Figure 2.3 of the: (a) relative amount 
of visible degradation products and corresponding mean value wavelength of 
characteristic absorbance for wavelength range of 400-800 nm); (b) relative amount of 
invisible degradation products and corresponding mean value wavelength of 
characteristic absorbance (250-400 nm); (c) maximum value absorbance and 
corresponding wavelength of invisible degradation products (250-400nm); (d) mean 
value red shift and absolute absorbance broadening of invisible degradation products; and 
(e) relative amount of ionic liquid and corresponding mean value wavelength of ionic 
liquid (200-250 nm). 
 
Using HPLC I quantify the absolute amount of decomposition in my BDMIM-Cl-
water binary solvent mixtures after thermal treatment, and I find that for the anhydrous 
BDMIM-Cl thermally treated at 200 °C for about 24-hours a total of approximately 40-45 
mol% of the initial IL is degraded.  Also from this, I find that the amount of IL 
decomposed increases with increasing BDMIM-Cl composition supporting both results 
obtained visually and by UV-Vis measurement, and that water appears to inhibit IL 
decomposition (Figure 2.7).  Similar to the UV-Vis detection of the visible degradation 
products, I see that the absolute amount of IL decrease follows a similar trend as the 
relative quantification of the visible degradation products (compare trend of 2.6a to that 
of 2.7), where for IL compositions in the range of 5-65 mol% a relatively linear and 
gradually increasing profile is observed which transitions at about 65 mol% to a much 
more steep and non-linear form for compositions up to 100 mol%.  Such a finding 
suggests that all degradation products formed may in fact be mostly the visible 
degradation products with the invisible degradation products only being a minor amount.  
Additionally, this correspondence in IL decomposition and degradation products supports 
that water suppression of IL degradation could be due to two separate mechanisms. 
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Negative values in the absolute decomposition amounts are due to discrepancies 
caused by sample loss from contact with the self-sealing Suba Seal® stoppers and 
dilution following sample quenching.  For several of the samples following thermal 
treatment, some of the solution mixture was found to be on the bottom of the plug of the 
stopper probably from sample boilup upon heating.  Much of this sample residue 
remaining on the stopper plug is probably mainly water which could not be removed 
satisfactorily and combined with the remaining sample still contained in the sample vial.  
Therefore, after dilution with the required amount of water calculated for the initial IL 
mass in the sample, the final sample IL concentration would be higher than the IL 
concentration for if no sample mass was lost (i.e., if no water was lost from the sample). 
However, regardless of this discrepancy, I still believe that the trend observed in these 
results is correct and close to the actual trend for if there were no dilution discrepancies 
(i.e., absolute magnitudes of each sample might be off but the overall trend is still 
approximately correct). 
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Figure 2.7.  HPLC quantification of the thermal decomposition in binary BDMIM-Cl-
water mixtures displayed in Figure 2.3. 
 
Degradation of BDMIM-Cl can also be qualitatively observed by examining the 
HPLC chromatographs (Figure 2.8).  When untreated, anhydrous BDMIM-Cl is 
characterized by HPLC, a set of convoluted peaks spanning a broad elution time (~2.5-
minutes which is approximately the system residence time) are found with no other 
significant absorbances detected at later times (Figure 2.8a).  The elution time assigned 
to BDMIM-Cl (most likely cation) in this range is taken as the time of the peak with  
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Figure 2.8.  HPLC chromatograhs of: (a) untreated, anhydrous BDMIM-Cl; and (b) 15 
mol%; (c) 50 mol%; (d) 85 mol%; and (e) ~100 mol% BDMIM-Cl-water compositional 
mixtures treated at 200 °C for 24-hours.  Absorbance is measured at a wavelength of 254 
nm. 
 
maximal absorbance (~2.6-minutes) and the area computed from the time when the 
solvent change from sample injection is seen (Figure 2.8a and b, downward dip 
occurring at about 2.2-minutes indicative of more water present from sample injection 
since samples are dissolved in water) to the time when this peak set attenuates to the 
baseline absorbance.  Upon diluting BDMIM-Cl with water to a mixture composition of 
about 15 mol% and treating at 200 °C for 24-hours, different features emerge in the 
HPLC chromatograph (Figure 2.8b).  First, an early peak with substantial absorbance 
appears at an elution time of about 2.2-minutes signifying a degradation product which is 
carried with the solvent having very little hydrophobic interaction with the column 
packing media.  Second, a rather broad peak with a significant absorbance appears at an 
elution time of about 30-minutes which is approximately Gaussian in shape indicating 
that this is most likely a pure component.  Lastly, other smaller peaks emerge at elution 
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times of about 22-minutes, 17-minutes, and between 5 and 10-minutes, all with small 
areas but still noticeable absorbances, indicating that the total degradation products 
occurring in this sample is at least 6, corresponding to the 6 additional peaks present in 
the treated sample, and most likely more since most of these other peaks are not 
symmetric and since the absorbance is only measured at only two wavelengths in the UV 
range.  As the composition of BDMIM-Cl is increased and after the same thermal 
treatment is performed, the HPLC chromatographs for larger BDMIM-Cl compositional 
mixtures continue to show visible differences (Figure 2.8c-e).  For instance, the peak 
assigned to BDMIM-Cl becomes less broad and the average absorbance decreases 
although the maximum absorbance remains approximately constant except this is in fact 
seen to increase as the composition is increased to 85 mol% BDMIM-Cl and then 
decrease again for the ~100% BDMIM-Cl sample.  Additionally, this peak appears to 
shift leftward slightly implying that there is less hydrophobic nature, and, hence, possibly 
the BDMIM-Cl cation is being dealkylated.  Furthermore, the peaks at approximately 17-
minutes and 22-minutes increase in average absorbance and area with the peak at 17-
minutes seeming to broaden and left shift itself quite a bit.  Also, an agglomeration of 
growing peaks emerge in the elution time span of 5-10-minutes as the BDMIM-Cl 
composition is increased.  The peak situated at about 30-minutes does not seem to change 
either in area, average absorbance, or its peak location implying that this compound may 
be either in steady state or a pseudo equilibrium, or that its kinetics of formation are not 
effected by water significantly or the other compounds present in these systems.  Overall, 
such a behavior indicates that certain species are becoming more hydrophilic while other 
more highly hydrophobic species are simultaneously appearing which supports other 
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groups findings that dealkylation, and, thus, separation between the hydrophilic and 
hydrophobic groups of the IL is taking place.  To further elucidate which species each 
peak corresponds to, and therefore the actual degradation reactions and mechanism, other 
analytical methods such as 1H-NMR and/or 13C-NMR must be used in conjunction with 
the HPLC protocol I follow. 
 
2.4 CONCLUSIONS 
Anhydrous 1-butyl-2,3-dimethylimidazolium chloride undergoes thermochemical 
decomposition at temperatures well below the widely accepted and reported degradation 
temperature.  Such a degradation is most readily observable by a darkening color change 
in the ionic liquid.  Additional degradation is also found with UV-Vis characterization in 
the ultraviolet range.  This thermal instability of the neat ionic liquid is discovered to 
differ from its behavior when diluted with water where thermal degradation observed 
visually by a darkening color, relatively through UV-Vis colorimetric quantification, and 
absolutely with HPLC is much less with water present.  In fact, when the amount of water 
in the binary solvent mixture increases, the amount of degradation is found to decrease 
for the same treatment conditions indicating that water inhibits or suppresses the thermal 
degradation of 1-butyl-2,3-dimethylimidazolium chloride.  Interestingly, this decrease in 
degradation with increasing water or decreasing ionic liquid composition appears to 
occur by two different mechanisms, as observed by two different regimes of composition 
dependence of the measured decomposition.  It is hypothesized that the gradual and 
nearly constant decrease in degradation found in the range of low ionic liquid 
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compositions up to about 65 mol% is primarily due to the dilution of the ionic liquid by 
water.  This is principally because the average amount of decomposition, and, hence, 
average decomposition rate, is linearly proportional to the concentration similar to a first 
order reaction, and also because this relationship holds up to a concentration that is 
consistent with the experimentally determined solubility concentration of BDMIM-Cl in 
water at room temperature (see Chapter 5).  While degradation of the ionic liquid in 
binary mixtures with compositions greater than about 65 mol% is proposed to arise from 
a switch in the solvent structure, where 1-butyl-2,3-dimethylimidazolium chloride is 
hypothesized to become the primary solvent in the mixture.  My findings therefore 
indicate that binary imidazolium IL-water compositional mixtures are better solvents to 
use for those solution based applications where these mixtures serve as adequate solvents 
and that require constancy in the solvent chemical purity. 
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CHAPTER 3. Ionothermal Stability of Mesoporous Silica 
Adapted with permission from Prosser, J. H.; Lee., D. Ionothermal Stability of Mesoporous Silica Films. 
Ind. Eng. Chem. Res. 2015, 54, 957-967. DOI: 10.1021/ie5041308.  Copyright 2015 American Chemical 
Society. 
3.1. INTRODUCTION 
Mesoporous silica, which is typically synthesized through the polycondensation of 
silicate species in the presence of pore templating materials (e.g., surfactants),1−5 has 
found numerous applications in catalysis,6 chemical sensing7 and separations,8,9 optics,10 
and thermal insulation11.  In particular, this material has proven to be very useful for the 
use in chemical catalysis and separations because of its high thermal and mechanical 
stability,12 wide ranging physical and surface chemical properties, high surface area, 
porosity, and tunable pore morphology and sizes,13−17 and relatively inexpensive and 
well-understood synthesis18,19.  However, mesoporous silica can degrade in water even at 
room temperature, rendering its use in certain aqueous phase heterogeneous catalysis and 
separation applications impractical.20−23 
Ionic liquids (ILs), also known as molten salts, have recently emerged as novel 
solvents for many different applications, particularly catalysis and separations, because of 
their chemical diversity, reputed thermochemical stability, and negligible vapor 
pressure.24,25  Due to this and the instability of Silica in various aqueous based media, 
ionic liquids have been considered as possible alternative solvents to replace water in 
applications with mesoporous silica.  One such promising example is the use of ILs 
instead of water as solvents for the catalytic depolymerization of lignocellulosic 
biomass,26−29 where solid acids such as those based on mesoporous silica apparently 
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serve as the catalyst in such IL-based biomass conversion processes30−32.  Likewise, 
mesoporous silica materials infiltrated with ILs have been used as supported liquid 
phases for the separation of various chemical compounds as well.33,34  In order for these 
applications of porous silicas with ILs to be feasible, these solids must maintain their 
structure and properties in ILs under the range of conditions to which they are subjected.  
However, the ionothermal (i.e., in an anhydrous IL phase at temperatures elevated 
relative to room temperature) stability of silica-based materials has not been studied 
rigorously.  Only preliminary examinations of the ionothermal stability of certain 
macroreticulated organic resins and zeolites in imidazolium-based ILs have been 
conducted.28,35−37  These studies found that organic resins dissolve in imidazolium ILs 
with certain anions, whereas zeolites were chemically compatible with all IL phases and 
temperatures tested.  I therefore believe that it is imperative to more rigorously examine 
the solvothermal (i.e., in a solvent at temperatures elevated relative to room temperature) 
stability of mesoporous silica in ILs which to the best of my knowledge has yet to be 
reported. 
I present my investigation of the solvothermal stability of supported mesoporous 
silica films (MSFs) in water, four different imidazolium ILs, and compositional mixtures 
of water and these ILs for the purpose of identifying their chemical suitability for use 
with one another at elevated temperatures.  Imidazolium-based-ILs are selected because 
of their ability to serve as solvent media for lignocellulosic biomass, offering the 
possibility to allow for solution phase conversion of lignocellulose, as well as their 
applications in chemical separations.38−40  My choice of supported MSFs is because these 
allow for precise handling of mesoporous silica at small solid-to-solvent ratios, and for 
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easier characterization by thin-film analysis techniques.  Using these chemicals and 
material forms, I find that MSFs are indeed thermochemically stable in anhydrous 
imidazolium-based ILs, indicating that mesoporous silica solids are also stable, but that 
their stability depends on the amount of water present in the solvent phase.  Furthermore, 
I present in the following discussions my explanations for why MSFs are either stable or 
undergo degradation in the solvents I consider. 
 
3.2 EXPERIMENTAL 
A brief summary of the materials and methods I used is included in this section.  For 
complete experimental details, please see Appendix B.2. 
3.2.1 Materials.  1-butyl-3-methylimidazolium acetate (BMIM-AcO, ∼97.0%, 
Figure 3.1a), 1-butyl-3-methylimidazolium bromide (BMIM-Br, ∼99.9%, Figure 3.1b), 
1-butyl-3-methylimidazolium chloride (BMIM-Cl, ∼99.6%, Figure 3.1c), 1-butyl-3-
methylimidazolium thiocyanate (BMIM-SCN, ∼98.4%, Figure 3.1d), and 
tetraethylorthosilicate (TEOS, ∼100.0%) were all purchased from Sigma-Aldrich and 
used as received.  Pluronic F-127 (PEO106PPO70PEO106, ∼100.0%) was obtained from 
BASF and used without further treatment.  All other chemicals and reagents used were 
acquired from Fisher Scientific and used as received.  ILs and TEOS were stored and 
mainly handled inside a nitrogen gas inerted, positive pressure glovebox to prevent and 
minimize exposure to moisture.  MSFs were deposited onto single-polish sided ⟨100⟩ 
silicon wafers bought from University Wafer. 
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Figure 3.1.  Static 2-D molecular structures of (a) BMIM-AcO; (b) BMIM-Br; (c) 
BMIM-Cl; and (d) BMIM-SCN.  For each of the ILs depicted, the cation is the same 
(BMIM) while the anion varies as indicated. 
 
3.2.2 Mesoporous Silica Film Fabrication and Solvothermal Treatment Methods.  
MSFs were fabricated by dip coating at room temperature within an ambient lab 
atmosphere using a dip withdrawal rate of 100 mm/min.  Dip coat deposited MSFs were 
allowed to age at room temperature overnight (∼18 h) in covered polystyrene Petri dishes 
at laboratory conditions.  Following room-temperature aging, the triblock copolymer 
template was removed from the MSFs and film structure stabilized by subjecting these to 
a high-temperature treatment/calcination process in stagnant air.  Template extracted 
MSFs were stored in covered polystyrene Petri dishes at laboratory conditions until these 
were used for solvothermal treatments (STTs, i.e., subjection to a solvent phase at 
temperatures elevated relative to room temperature). 
STTs were conducted on film pieces having average sizes of about 3 mm × 11 mm 
that were score-cracked and cut from larger pieces generated during the dip coating film 
deposition process.  Film pieces were submerged within about 3 g of the respective 
solvent required to conduct each treatment at the elevated temperatures at which the 
STTs were performed.  All STT mixtures (i.e., film pieces and solvent mixture) were 
directly contained within polytetrafluoroethylene (PTFE) acid digestion liners with 
amenable PTFE lids obtained from Parr Instrument Co. having a nominal internal 
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volumetric capacity of 45 mL.  For all hydrothermal treatments (HTTs, i.e., subjection to 
a liquid water phase at temperatures elevated relative to room temperature) and 
hydrionothermal treatments (HITTs, i.e., subjection to an ionic liquid−water binary 
solvent phase at temperatures elevated relative to room temperature), PTFE liners were 
placed inside a corresponding acid digestion vessel to ensure evaporated water remained 
contained, while all ionothermal treatments (ITTs, i.e., subjection to an anhydrous ionic 
liquid phase at temperatures elevated relative to room temperature) were conducted 
within only the PTFE liners not installed within an acid digestion vessel.  Heating of the 
treatment mixture was accomplished by placing the treatment mixture container into a 
Fisher Isotemp vacuum oven (Model 281A) which controlled the enclosure temperature 
to within ±2 °C.  Following the elapsed treatment duration, treatment containers were 
quenched in ice for 15 min to adequately cool and significantly decrease the effects of the 
solvent on the film pieces.  Once cooled to near room temperature, all treatment mixtures 
were further quenched by mixing with about 15 g of deionized water, swirled for about 1 
min, and allowed to sit at ambient lab conditions for about 30 min in the capped PTFE 
liner to allow for adequate dissolution of the solvent used for the particular treatment.  
The diluted solvent mixture was decanted and saved for chemical analysis, and the film 
piece was removed from the PTFE liner and rinsed with flowing deionized water for 
about 15 s prior to washing in about 150 mL of stagnant deionized water for 30 min.  
Two additional water washes were performed following the same procedure in which the 
film piece was removed from the previous deionized water-wash bath, rinsed for about 15 
s with flowing deionized water, and then resubmerged in about 150 mL of fresh 
deionized water for about 30 min.  After complete water washing, film pieces were rinsed 
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one final time with flowing deionized water for about 15 s and dried using flowing 
nitrogen gas, and then finally stored within polystyrene Petri dishes until post-STT 
characterizations for each could be performed. 
3.2.3 Mesoporous Silica Film Characterization.  The thicknesses and refractive 
indices (RIs) of MSFs were measured using spectroscopic ellipsometry (SE) before and 
after high-temperature calcination to confirm porogen removal and before and after all 
STTs.  All film thickness and RI measurements reported in this work were made using a 
J.A. Woolam α-SE fixed incidence angle, multiwavelngth SE instrument with the source 
incidence and detection angles set at 70° relative to normal incidence and an irradiation 
wavelength range of 380− 900 nm.  Spectrum fitting was done with a Cauchy film and 
silicon substrate with a native silicon oxide layer model for all films over the entire 
irradiation wavelength range. 
Field emission-environmental scanning electron microscopy (FE-ESEM) images 
were captured using a FEI-600 Quanta high-vacuum, FE-ESEM instrument with a 
peripheral-lens Evanhardt-Thornley secondary electron detector.  Samples were sputter 
coated with a Quorum plasma generating coater with an iridium conductive layer to 
prevent significant charging and for capturing optimal image resolution.  Only when 
required, thickness measurements made using SE were confirmed from those obtained by 
cross-sectional FE-ESEM imaging. 
Field emission-scanning transmission electron microscopy (FE-STEM) images were 
captured using a JEOL-7500F high vacuum, high-resolution FE-SEM instrument with a 
transmitted electron detector.  STEM images of all film pieces were obtained after 
standard scanning electron microscopy (SEM) imaging and by scrape detachment of the 
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film from the silicon substrate using a standard straight scalpel blade, collecting the 
fragmented and released film pieces using a 5 µL deionized water drop suspended from a 
micropipette tip, and dispensing this film fragment−water drop suspension onto a 200 
mesh transmission electron microscopy (TEM) copper support grid having solely an 
adhesive carbon layer on one side supplied by Ted Pella, Inc. 
X-ray scattering was performed using a Rigaku SmartLab high-resolution intelligent 
X-ray diffraction system to examine the film pore structure and structural evolution 
following solvothermal treatments.  All measurements made were done using the 
reflectance mode of the small-angle X-ray scattering (r-SAXS) method for this 
instrument and because films were deposited onto silicon wafer pieces. 
 
3.3 RESULTS 
3.3.1 Mesoporous Silica Films.  My MSFs are fabricated using an evaporation-
induced self-assembly (EISA), block copolymer micelle templated, silica sol−gel 
fabrication method introduced and optimized by others.15,16  Following this EISA sol−gel 
fabrication protocol, I reproducibly constructed about 150 nm thick MSFs having 
approximately 8−10 nm diameter cagelike, 3-D interconnected pores arranged in a 
hexagonally overlapping-pore network (Figure 3.2).  Such a pore network was selected 
because of its common application as a support material in catalysis,41 its relative ease of 
assembly and characterization,42 and its interconnectivity43. 
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Figure 3.2.  (a) Plan sectional view SEM image of an as-fabricated MSF taken at a spot 
where a partial cross-section can be seen; and (b) STEM image of the same MSF as in 
(a).  Scale bar lengths given in each image correspond to 50 nm. 
 
3.3.2 Hydrothermal Treatment of Mesoporous Silica Films.  HTT of my MSFs in 
liquid water at certain temperatures in the range of 100−175 °C and over durations lasting 
greater than 1-hour leads to a coincident decrease in the relative film thickness (RFT, h = 
h/ho, where h is the RFT, h the treated film thickness, and ho the initial, untreated film 
thickness)44−46 (Figure 3.3a) and relative film refractive index (RFRI, ṉ = (n − nAir)/(no − 
nAir) where ṉ is the RFRI, n is the treated film RI, no is the initial, untreated film RI, and 
nAir is the RI of air) (Figure 3.3b).  This temperature range was selected for my analysis 
because it spans the temperatures used by other researchers investigating the catalytic 
hydrolysis of cellulose in ILs.30−32  The apparent decrease in the RFT and RFRI of HTT-
MSFs is larger for higher treatment temperatures and for longer treatment times.  Use of 
SEM, STEM, and r-SAXS confirms these results obtained by SE and that the film 
thickness decreases while the characteristic dimension and interconnectivity of the pores 
increase, thereby explaining the drop in the film RI (Figure 3.4 and Appendix B.1 Figures 
(a) (b)
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B.1.1 and B.1.2).  A decrease in the film thickness and increase in the characteristic pore 
size is represented in the r-SAXS scattering profiles by a subsequent decrease in the 
scattering intensity and left-shift of the singular diffuse reflectance peak situated at about 
a 1.20° 2-θ Bragg angle as both the HTT time and temperature are increased (Figure 
3.4c,d). 
 
 
Figure 3.3.  Plot of HTT-MSF (a) RFT and (b) RFRI, and ITT-MSF (c) RFT and (d) 
RFRI versus treatment time at various temperatures as measured by SE performed at 
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ambient lab conditions.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profiles. 
 
3.3.3 Ionothermal Treatment of Mesoporous Silica Films. In contrast to the HTT 
of my MSFs, the ITT of the same type of MSF in either anhydrous BMIM-AcO (Figure 
3.1a), BMIM-Br (Figure 3.1b), BMIM-Cl (Figure 3.1c), or BMIM-SCN (Figure 3.1d) 
does not cause a loss in either the RFT or RFRI even for the highest STT temperature 
(175 °C) and longest treatment duration (24 h) considered in this work (panels c and d in 
Figure 3.3, respectively, and Appendix B.1 Figures B.1.6a,b, B.1.7a,b, and B.1.8a,b).  
Unchanging RFTs and RFRIs of ITT-MSFs are likewise confirmed by examining their 
SEM, STEM, and r-SAXS measurements where the pore morphology appears to remain 
intact under varying treatment time, temperature, or IL anion type (Appendix B.1 Figures 
B.1.3−B.1.5 and B.1.6c−h, B.1.7c−h, and B.1.8c−h).  An increase in the RFRI seen for 
the 125 °C BMIM-Cl ITTs (Figure 3.3d) was discovered to be caused by residual organic 
material (possibly the IL itself) in the MSFs even after water washing.  Upon oxygen 
plasma treatment I observe the RFRIs to return to the initial film values while the 
thicknesses remain unchanged, and MSF Sessile water drop contact angles are also 
restored (see Appendix B.1 for plasma treatment details and Figure B.1.27a,b and 
B.1.28). 
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Figure 3.4.  (a) Plan sectional view SEM image of a HTT-MSF treated at 100 °C for 12-
hours, taken of the exposed film-solvent interface resulting from hydrolytic dissolution 
by water; (b) STEM image of the same MSF as in sub-figure (a); (c) plot of treated film 
r-SAXS profiles for HTT-MSFs treated for 2-hours at various temperatures; and (d) plot 
of treated film r-SAXS profiles for HTT-MSFs treated for various times at 100 °C.  Scale 
bar lengths given in each image correspond to 50 nm. 
 
3.3.4 Hydrionothermal Treatment of Mesoporous Silica Films.  During the HITT 
of my MSFs, for any given treatment time and temperature for any of the ILs used, I 
observe a decrease in both the RFT and RFRI when the IL composition is below about 25 
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mol % and essentially no change when the composition is some critical value greater than 
25 mol % IL in water (Figure 3.5 and Appendix B.1 Figures B.1.9 and B.1.10).  A HITT 
performed with a mixture composition of about 15 mol % BMIM-Cl in water surprisingly 
results in the same change in the RFT at nearly any temperature and change in the RFRI 
at sufficiently high temperatures, as does a corresponding HTT performed at the same 
treatment conditions.  Interestingly, these results suggest that the RFT and RFRI could 
have a maximum at some mixture composition between 0 mol % and 15 mol % BMIM-
Cl.47−50  In fact, a bulk acceleration in the rate of decrease of the HITT-MSF RFTs and 
RFRIs is observed when the mixture composition is about 5 mol % BMIM-Cl.  Such a 
behavior is most evident for lower temperatures at longer treatment times (Figure 3.5 and 
Appedix B.1 Figures B.1.9c,d and B.1.10c,d) whereas for higher treatment temperatures is 
more easily observed at shorter times (Appendix B.1 Figures B.1.9a,b and B.1.10a,b).  
Characterization of HITT-MSFs by r-SAXS confirms these results obtained through SE 
and that the pore structure is observed to disappear as both the treatment time and 
temperature are increased and the BMIM-Cl composition is some finite amount less than 
25 mol % BMIM-Cl (Appendix B.1 Figure B.1.11). 
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Figure 3.5.  Plot of (a) RFT and (b) RFRI versus BMIM-Cl composition in water for 
HITT-MSFs treated for 12-hours at various temperatures as measured by SE performed at 
ambient lab conditions.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
 
Additionally, when examining HITTs of my MSFs in BMIM-AcO, BMIM-Br, and 
BMIM-SCN I observe degradation behavior similar to that found for HITTs with BMIM-
Cl.  For some mixture composition less than 25 mol % of each IL in water, an 
acceleration in the bulk rate of decrease relative to pure water is evident in the RFT and 
RFRI plots of these HITT-MSFs for a given treatment time and temperature (Appendix 
B.1 Figures B.1.13−B.1.18).  Apparent increase in the pore diameter and 
interconnectivity observed in both the SEM and STEM images for these HITT-MSFs is 
consistent with the SE results for HTTs (Figure 3.3a,b and Appendix B.1 Figure B.1.12).  
The extent of degradation rate increase for a given solvent composition at the same 
treatment temperature is found to depend on the IL anion species.  This IL anion 
dependence is explicit through a comparison of the RFT and RFRI versus treatment time 
for a given composition and treatment temperature between different ILs used (Figure 
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3.6 and Appendix B.1 Figures B.1.19−B.1.24).  The overall rate of decrease in HITT-
MSF RFTs and RFRIs is found to increase for an IL anion ordering of Br− < Cl− < SCN− 
< AcO−. 
 
Figure 3.6.  Plot of (a) RFT and (b) RFRI versus treatment time for HITT-MSFs treated 
in 15 mol% compositional mixtures of BMIM-AcO, BMIM-Br, BMIM-Cl, and BMIM-
SCN ILs and water for 12-hours at 125 °C as measured by SE performed at ambient lab 
conditions.  Trend lines provided are for direction along a specific dataset and may not 
reflect the exact form of the dissolution profile. 
 
3.4 DISCUSSION 
3.4.1 Hydrothermal Treatment of Mesoporous Silica Films.  MSFs are unstable in 
liquid water.  Other researchers have determined that amorphous or crystalline, porous or 
nonporous, and thin film or free-particle forms of silica undergo degradation in liquid 
water by complete matrix depolymerization and dissolution.20,21,44  The dissolution of 
silica in water can occur even at room temperature and neutral pH; however, this depends 
on many factors including the silica synthesis and processing conditions.44−46,51  Chemical 
mechanisms hypothesized for silica dissolution by water is through a multistep pathway 
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(Figure 3.7a).  First, a direct hydrolysis depolymerization reaction occurs; interfacially 
solvating water molecules reversibly and heterolytically incorporate across the siloxane 
bridging bonds to form covalently and interfacially substituted silanols (Figure 3.7a, 
steps 1−3).  Second, continued hydrolysis increases the degree of surface silanolization of 
partially hydrolyzed silica; upon sufficient hydrolysis of a tetrasubstituted silicon center, 
water-soluble silicic acid species are liberated (Figure 3.7b, steps 1−3).  Lastly, released 
silicic acid species are then homogeneously solvated and transported into the bulk 
aqueous phase (Figure 3.7b, step 4).  Degradation by dissolution of my MSFs is similarly 
observed in liquid water, which is evident in the simultaneous decrease in the RFT and 
RFRI with increasing treatment time for any particular temperature (panels a and b of 
Figure 3.3, respectively).  A decrease in the RFT indicates that the film is dissolving at 
the solid film−bulk liquid-phase interface, while a drop in the RFRI denotes internal 
dissolution of the film at the pore walls.44−46  Internal dissolution is also confirmed by 
SEM, STEM, and rSAXS measurements as the pores are observed to chain together and 
enlarge radially as treatment time is increased for a given treatment temperature (Figure 
3.4a−d and Appendix B.1 Figures B.1.1 and B.1.2).  The coincident change in the RFT 
and RFRI signifies isotropic dissolution throughout each MSF.  Such dissolution 
uniformity is most logically due to the pore interconnectivity, complete solvent 
infiltration into the mesoporous network, a negligible mass-transfer resistance of 
dissolving silicate species within the film, and an insignificant boundary layer to mass 
transfer at the solid film−solvent interface. 
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Figure 3.7.  (a) Mechanism of a single silica surface hydrolysis reaction in water (Steps 
1, 2, and 3); (b) progression of successive silica surface hydrolysis reactions leading to 
dissolution and solubilization of orthosilicic acid (Steps 1, 2, 3, and 4); and (c) possible 
structure formed at a silica/BMIM-IL or binary solvent mixture of a BMIM-IL and water 
having an appreciable IL composition.  “X-” denotes the IL anion which in this work 
could be X- = acetate (AcO-), bromide (Br-), chloride (Cl-), or thiocynate (SCN-).  
Pictorial elements contained in both diagrams are not to scale. 
 
Complete dissolution of my MSFs in water occurs for any given temperature over a 
long enough duration because I used approximately an order of magnitude (10×) in 
excess of the amount of water capable of dissolving at room temperature the quantity of 
Si
O
OO
O
Si
O
OO Si
OO
O
Si
OO Si
O
O
O
Si
O
O
Si
O
O
Si
O
O
O
Si
O
O Si
O
Si O
O
OSi
O
O Si
O
O
Si
O
O
Si
O
OSi
O SiSi
O
O
SiO
O
SiSi
O
O
Si
O
-
-
-
δ+ 
-
Si
O O
O
1
2
3
Water
Silica
(a)
O
Si O
O
Si
O
O
O
Si
O
OH
O Si
OH
O
O
OH
Si
O
O
Si
O
Si
O
O
Si
O
Si
O O
Si
O
O
Si
Si
Si
OO
O
O
OO
Si
Si
Si
Si
O
O
O
O
O
-
-
-
-O
δ+ 
O
δ+ 
Si
OH
-O
OHO
Si
OH
-O
OHHO
O OH
1
2
3 4
Water
Silica
(b)
Si
O
OO Si
OO
O
Si
OO
Si
O
O
O
Si
O
O
Si
O
O
Si
O
O
O
Si
O
O Si
O
Si O
O
OSi
O
O Si
O
O
Si
O
O
Si
O
OSi
O SiSi
O
O
SiO
O
SiSi
O
O
Si
O
Imidazolium
Ionic Liquid
-
-
-
-
Si
O
O
O
O Si
O O
O
N
N
H3C
CH3
+
NH3C
CH3
N
+
NH3C
CH3
N
+
NH3C
CH3
N
+
N
H
3
C
CH
3
N
+
N H
3
C
CH
3
N
+
N H
3
C
CH
3
N
X
X
-
X
-
Silica
(c)
86 
 
silica contained in these MSFs.20,44−46,51  Additionally, MSF dissolution during HTT 
accelerates as the treatment temperature is increased (Figure 3.3a,b).  Because water is 
both the solvent and a reactant, temperature impacts both its solvating and kinetic 
reaction properties.  Therefore, acceleration in the dissolution rate with increasing 
solution temperature implies intensification in: (1) the driving force for dissolution, 
suggesting that silica behaves like a directly soluble salt and its dissolution is 
endothermic; and/or (2) the kinetic rate of interfacial hydrolysis, indicating the overall 
and apparent activation energy is most likely positive, suggesting that there may be a 
rate-limiting step of the hydrolysis process.  The severity of the thermal dependence of 
these factors then dictates how dissolution occurs in response to temperature. 
Although the dissolution induced by the HTT of silica appears as though it is purely a 
dielectric mechanism such as for the dissolution of an ionic salt (e.g., sodium chloride 
[NaCl]) in water, in fact it relies on both the propagation of hydrolysis reactions and 
molecular dissolution through dielectric screening.  Accordingly, it is minimally required 
for the solvent to contain chemical species, such as the solvent itself or a homogeneously 
dissolved solute having interfacial activity, that are capable of breaking the siloxane 
bonds so silica can molecularly dissolve. 
3.4.2 Ionothermal Treatment of Mesoporous Silica Films.  In contrast to the 
dissolution of mesoporous silica in liquid water, the degradation of my MSFs by this 
form in anhydrous BMIM-AcO, -Br, -Cl, or -SCN ILs does not occur.  The ionothermal 
stability of my MSFs is apparent in the time invariant RFT, RFRI, SEM, STEM, and r-
SAXS measurements for any given treatment temperature and all ILs used (Figure 3.3c,d 
and Appendix B.1 Figures B.1.3−B.1.8).  Therefore, it is reasonable to conclude that 
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MSFs are thermochemically compatible and stable within these ILs and that mesoporous 
silica does not ionothermally degrade.  Dissolution of my MSFs does not occur during 
ITTs likely because of: (1) the inability of the anhydrous IL to covalently disrupt the 
silica network leading to depolymerization; and/or (2) the insolubility of formed 
monomeric or oligomeric silicate species in these ILs.  IL cations are not able to induce 
silica depolymerization probably because steric hindrance of the bulky cation from 
covalently accessing the silica surface prevents cationic ionolysis.  Additionally, because 
the cationic charge density is relatively low, its electrophilic substitution onto oxygen 
bridges is not likely.  Therefore, any degradation leading to dissolution through 
homologous ion substitution causing siloxane breakage would most likely be from the 
highly charge-concentrated and less sterically hindered IL anion.  IL anions can break 
siloxane bridges only through their direct nucleophilic substitution onto a surface silicon 
atom.  Nucleophilic attack by IL anions could occur and may depolymerize the silica 
network because the aqueous phase nucleophilic strengths of all IL anions considered 
here are greater than that of water.  Additionally anion-induced depolymerizaton of silica 
in anhydrous IL could occur because silanes with many different types of coordination 
ligands exist, thus implying that the anions used in my study may be suitable to 
covalently coordinate silicon as ligands.  Also, nucleophilic attack by the IL anion is 
possible given that the IL phase is a lower dielectric medium.  But this process will only 
occur if there is no significant ionic structuring near the surface which will prevent strong 
anionic interaction with surface silicon atoms.  Yet even with higher nucleophilicity in a 
lower dielectric medium, the IL anion still cannot adequately promote siloxane bond 
cleavage facilitating dissolution.  This suggests that either significant ionic structuring 
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does occur or the chemical nature of the nucleophilic substitution requires additional 
stabilization that the IL cannot impart.  IL cation adsorption onto exposed silanols 
causing substantial surface coverage, which has been proposed previously,52,53 is a 
specific example of ionic structuring that could chemically passivate the silica surface 
from nucleophilic attack and substitution by the IL anions (Figure 3.7c).  Such a structure 
might impede the anion nucleophilic interaction with surface siloxane groups depending 
on the degree of cation surface coverage.  Alternatively, MSF disintegration in ILs may 
not occur as formed silicates may be insoluble in ILs and thus undergo immediate 
reprecipitation following depolymerization.  However, such a futile process would 
produce a free energy minimized silica structure that likely is different from the initial 
structure of my untreated MSFs.  Because no restructuring within my MSFs is found 
following ITTs, as evidenced by SEM and r-SAXS, a dissolution−precipitation process is 
presumably not occurring.  It is plausible to expect solubility of negatively charged 
silicates in ILs because many are known to promote long-range ionization and 
dissociation of certain salts due to their ability to preserve long-range charge neutrality.54  
Thus, negatively charged species formed from heterolytic cleavage of siloxane bonds 
could homogeneously dissolve in ILs.  Although I do not fully understand the mechanism 
behind the thermochemical stability of MSFs in ILs, it is my hypothesis that MSF 
stability against dissolution in BMIM-based ILs is because of their preferential interfacial 
contact and the IL’s inability to permanently react with the silica surface, either forming 
irreversible surface complexes or inducing interfacial ionolytic depolymerization leading 
to homogeneous dissolution. 
89 
 
3.4.3 Hydrionothermal Treatment of Mesoporous Silica Films.  Dissolution of my 
MSFs in binary IL-water solvent mixtures is also observed.  I expect this instability 
because my MSFs dissolve in water, and water is present in most of these binary solvent 
mixtures in large quantities.  Although, unexpectedly, I in fact find that the dissolution 
rate is maximum at a mixture composition between pure water and anhydrous IL.  This is 
evident in the dissolution rate acceleration revealed at a low IL mixture composition 
(Figure 3.5 and Appendix B.1 Figures B.1.9, B.1.10, and B.1.13-B.1.18).  Given that 
MSFs are found to dissolve in water but not in the ILs used, it is intuitive to presume that 
binary solvent mixtures of IL-water would yield MSF dissolution rates intermediate those 
in the two pure solvents and that a monotonically decreasing dissolution rate with 
increasing IL composition would be expected for MSFs during HITTs.  However, 
because I observe a dissolution rate increase at appreciably small IL compositions, some 
unforeseen binary solvent nature is identified. 
I explain this HITT dissolution enhancement similarly to how the temperature 
induced accelerations in HTT-MSFs are explained, where binary solvent compositional 
changes shift the: (1) solubility driving force; and/or (2) kinetic rate of interfacial 
solvolysis.  The extended Hildebrand solubility criteria, which identifies thermodynamic 
solvation qualities of non-regular solvents, supports that compositionally non-monotonic 
MSF dissolution is from silicate solubility.  Conversely, IL ion surface adsorption and 
participation in the interfacial solvolysis mechanism substantiates interfacial kinetics as 
the source for this dissolution behavior. 
The extended Hildebrand solubility theory for non-regular binary solvent mixtures 
stipulates that dissolution enhancements can occur for solutes with Hildebrand solubility 
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parameters between those of the pure solvents.55  Additionally, the binary solvent 
composition that produces a maximum solute solubility has a solubility parameter equal 
to that of the solute’s.  Consequently, the solubility versus binary solvent composition 
profile varies continuously and according to the extended Hildebrand solubility 
requirements between the solubility maximum at some intermediate binary solvent 
composition and the pure solvent solubilities 
The bulk dissolution rate of a non-reacting solute in a dielectric solvent is directly 
proportional to the extent away from its solubility.  Consequently, for a given solution 
concentration of a dissolving solute, the dissolution rate will mirror the solubility 
concentration and how it varies with solution conditions.  Therefore, the form of 
solubility versus binary solvent composition profile translates into that of the dissolution 
rate versus solvent composition profile. 
Considering the ideal dissolution case in which silica is fully hydrolyzed to 
orthosilicic acid and dissolved homogeneously in this form, the respective solvent 
enhancement composition can be estimated using the Hildebrand solubility criteria.  The 
Hildebrand solubility parameter for orthosilicic acid is in fact computed to be (δSi(OH)4 = 
46 (J/cm3 )1/2), intermediate to those for water (δH2O = 48 (J/cm3 )1/2) and for the ionic 
liquids (24 < δBMIM-IL < 25 (J/cm3 )1/2) used in this work.  Using these values with the 
extended Hildebrand solubility criteria, a dissolution enhancement composition is 
estimated approximately at a BMIM-IL composition of ∼1 mol % of IL (see Appendix 
B.1 for estimation details).  This estimate is close to the acceleration composition 
91 
 
observed (∼5 mol %), suggesting that the HITT dissolution behavior of MSFs is possibly 
due to the solubility driving force and not the interfacial depolymerization mechanism. 
Alternatively, I note that solvent composition effects on the interfacial solvolysis 
process could instead explain the observed dissolution phenomenon in IL−water 
mixtures.  Because ILs are ionically dissociable, when mixed at low concentrations in a 
suitable solvent these behave as dissolved electrolytes.56,57  In fact, because I used 
imidazolium ILs having cations with significantly hydrophobic chainlike substituent 
groups, these cations behave like cationic surfactants when dissolved in water due to their 
inherent amphiphilicity.58  It is plausible then that the IL cation can preferentially adsorb 
from aqueous solution onto my MSFs, as found for other cationic surfactants in aqueous 
solution with metal oxide interfaces.59  Moreover, aqueous solutions of 1:1 or 1:2 
electrolyte mineral salts, such as sodium chloride (NaCl) or calcium chloride (CaCl2), 
respectively, dissolved at sufficiently low concentrations are known to enhance the 
dissolution of nonporous quartz60 and amorphous silica61.  These dissolution 
accelerations are attributed to an apparent increase in the interfacial nucleophilicity of 
water induced through electrophilic withdrawing from surface silanols by adsorbed salt 
cations.  Once adsorbed at appropriately small concentrations, and hence surface 
coverages, the IL cation could electrophilically induce dissolution leading to a dissolution 
enhancement during HITTs (Figure 3.5 and Appendix B.1 Figures B.1.13−B.1.18). 
Subsequently, for HITT compositions exceeding the enhancement composition, I 
observe a steady decrease in the dissolution rate to the minimum found in ITTs.  This 
finding contradicts those with aqueous salt solutions, in which dissolution rates remain 
augmented for compositions even an order of magnitude higher than the enhancement 
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composition.60,61  Subsequent decrease following enhancement is reasonable if steric 
hindrance of water by cation surface shielding occurs.  Formation of a densely covered 
cation adsorption layer may passivate the silica surface from nucloephilic attack by 
water, in turn decreasing the dissolution rate (Figure 3.7).51,62,63  Passivation by cation 
adsorption is similar to the formation of self-assembled monolayers of ionic surfactants 
on surfaces, which, depending on their assembly, can modify and/or completely reverse 
the wettability of certain solid surfaces.  Surface passivation at high IL cation 
compositions, and surface coverages, are consistent with enhancements found at low IL 
solution concentrations.  Therefore, an interfacial solvolysis mechanism involving 
cationic surface adsorption supports the observed HITT-MSF dissolution profiles. 
3.4.4 Ionic Liquid Anion Impact on Hydrionothermal Treatment of Mesoporous 
Silica Films.  When I change the identity of the IL anion, I observe additional dissolution 
accelerations.  This anionic-dependent dissolution acceleration is attributed to an increase 
in the interfacial solvolysis depolymerization process caused by IL anion; (1) catalysis 
according to its aqueous phase nucleophilicity and ionic radius; and/or (2) hydrolysis of 
water producing hydroxide anions which directly act as interfacial nucleophilic catalysts 
boosting silica solvolysis rates according to the amount of hydroxide produced. 
Nucleophilic interaction between the IL anion and a silica surface−silicon center due 
to the intrinsic silanol bond polarization or a polarization induced by tandem IL cation 
adsorption through ion exchange with surface silanols could weaken siloxane bonds 
making these more susceptible to nucleophilic attack and breakage by water.  If anion 
nucleophilic interaction does occur, then MSF dissolution rates at low IL concentrations 
should be directly related to the anion aqueous phase nucleophilic strength.  
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Consequently, a dissolution rate ordering of Cl− < Br− < OH− < SCN−, which follows the 
anion nucleophilicity, should be observed.64  I hypothesize that hydroxide is formed when 
BMIM-AcO is dissolved in water because of the weakly basic nature of the acetate anion, 
as this is capable of hydrolyzing water to generate acetic acid (neutrally protonated 
acetate) and hydroxide, in turn raising the solution pH.  Because the nucleophilicty and 
hydrated size of hydroxide are substantially larger and smaller, respectively, than those of 
the acetate anion, hydroxide should then dominate in the nucleophilic attack on any 
electrophilic nodes in solution.  Therefore, I believe that in the case of BMIM-
AcO−water mixtures, hydroxide is formed and this is the anion predominantly leading to 
the nucleophilic catalyzed depolymerization of my MSFs.  However, the observed anion 
ordering, Br− < Cl− < SCN− < OH−, (Figure 3.6 and Appendix B.1 Figures B.1.19-B.1.24) 
is inverted with respect to the two anion nucleophilic classes (i.e., Cl− and Br− as group 
VII, and OH− and SCN− as group VI and V).  This nucleophilic inversion could be from 
IL ion coadsorption.  Coadsorption may sterically hinder IL anion access to the silica 
surface because of the bulkiness of the imidazolium cation.  Steric hindrance caused by 
coadsorption will therefore depend on the anion size and is expected only for sufficiently 
high IL cation surface coverages.  Effective anion radii are known to increase as OH− < 
Cl− < Br− < SCN−.65  Considering now the relative anion size, for if anion steric 
hindrance by surface adsorbed cations occurs, the anticipated dissolution rate ordering 
could then follow that found experimentally (Br− < Cl− < SCN− < OH−).  This then 
qualitatively suggests that HITT-MSF dissolution is from solvent phase influences on the 
interfacial solvolysis rate.  Steric hindrance of the IL anion due to coadsorption with high 
cation surface coverages is consistent with the dissolution enhancement found at suitably 
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low IL compositions.  Therefore, anionic-dependent dissolution behavior at sufficiently 
large HITT-IL compositions is further evidence supporting an IL interfacial adsorption 
dissolution mechanism, thus controlling the overall dissolution kinetics. 
I also find that solution pHs of HITT solvent mixtures for any solvent composition 
increase by the same anion ordering (Br− < Cl− < SCN− < AcO−) as the dissolution rates 
(Appendix B.1 Figure B.1.26).  HITT mixture pHs may differ for different IL anions in 
water because of their acid/base nature as these can either protonate or hydrolyze water 
resulting in a different mixture pH.  Likewise, deprotonation of the imidazolium cation at 
the C2-position forming a reactive carbene has been detected and can simultaneously 
lower the pH.66,67  Silica dissolution rates in water are known to increase with increasing 
hydroxide concentration as it is hypothesized that hydroxide catalyzes the interfacial 
hydrolysis of silica.20,21,68−70  Because HITT-MSF dissolution rates correspond to solution 
pHs, it is reasonable to infer that hydroxide anions formed from the hydrolysis of water 
by IL anions accelerate the interfacial hydrolysis and dissolution of silica.  Therefore, the 
IL anion appears to influence the interfacial solvolysis mechanism and not necessarily the 
solubility of silica. 
 
3.5 CONCLUSIONS 
Mesoporous silica is thermochemically stable in anhydrous imidazolium-based ionic 
liquids.  This ionothermal stability is quite different from its behavior in water where 
mesoporous silica degrades by hydrolytic deploymerization.  Interestingly though, 
mesoporous silica is thermochemically stable in IL-water mixtures having water in 
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amounts up to 75 mol %, whereas its dissolution is accelerated relative to water at finite 
IL compositions less than 15 mol %.  I rationalize this composition-dependent 
solvothermal behavior of mesoporous silica as either because of the binary solvent 
solubility predicted by extended Hildebrand theory or solvent effects on the interfacial 
solvolysis rate.  I postulate that the interfacial solvolysis mechanism is what dominates 
the dissolution process, and this is influenced by the solvent phase through adsorption of 
IL cations onto the silica surface.  Additionally, by changing the identity of the IL anion, 
I find additional dissolution accelerations.  These accelerations correlate with the aqueous 
phase nucleophilicty of the IL anions but inversely with their radius, supporting my 
hypothesis of cation adsorption.  However, the solution pH is also found to depend 
similarly on the anion species and IL-water composition, suggesting indirect IL 
participation in the interfacial solvolysis mechanism.  Nevertheless, this finding also 
supports the conclusion that the dissolution kinetics of mesoporous silica are controlled 
by interfacial solvolysis and not solubility.  I therefore believe that the stability of 
mesoporous silica films against dissolution in anhydrous imidazolium ILs is principally 
due to their inability to hydrolytically depolymerize the silica matrix.  My findings then 
indicate that imidazolium ILs and certain compositional mixtures of these in water may 
be better solvents for a variety of applications involving mesoporous silica-based 
materials. 
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CHAPTER 4. Hydrionothermal Stability of a Commercial 
Mesoporous γ-Alumina Catalyst 
Adapted with permission from Prosser, J. H.; Lee., D. Ionothermal Stability of Mesoporous Silica Films. 
Ind. Eng. Chem. Res. 2015, 54, 957-967. DOI: 10.1021/ie5041308.  Copyright 2015 American Chemical 
Society. 
4.1. INTRODUCTION 
Similar to mesoporous silica discussed in Chapter 3, mesoporous γ-alumina can also 
be used in many interesting applications such as catalysis,1 chemical separations and 
purification,2,3 and material synthesis, reinforcement, and processing4-8.  In fact, γ-
alumina is more widely used in catalysis than silica since it has a stronger acid catalytic 
nature and more robust physical properties allowing it to serve as a better catalytic 
support.9  Although more physically robust and therefore generally more stable in most 
environments that silica, γ-alumina is also not completely stable in the presence of liquid 
water or high humidity environments at elevated temperatures.10-12  This renders aqueous 
phase catalysis applications utilizing γ-alumina as the catalyst impractical.  Alternatively, 
as presented in Chapter 3, since mesoporous silica is found solvothermally stable in 
anhydrous ionic liquids (ILs) and certain IL-water mixtures, certain aqueous binary 
solvent mixtures utilizing ILs might also be suitable solvents within which γ-alumina is 
likewise stable.13  If γ-alumina is indeed solvothermally stable in binary IL-water solvent 
mixtures, many different solution-based reactions that γ-alumina is ideal to catalyze could 
be carried out in these alternative solvents instead.14  One such important reaction that γ-
alumina may be capable of catalyzing is the hydrolytic depolymerization of 
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lignocellulosic biomass, where γ-alumina would heterogeneously hydrolyze at its surface 
molecularly dissolved lignocellulose.  This is especially since γ-alumina is known to 
catalyze etherification/de-etherification reactions in solution15,16, and since it has mainly 
Lewis acidity17 which will presumably not deactivate through deprotonation by ion 
exchange with ionic liquid cations.18  Consequently, the solvothermal stability of γ-
alumina must also be determined in IL-water mixtures and verified similar to silica 
before it should be applied as the catalyst for such a reaction system. 
In light of these considerations, I investigate the solvothermal stability of a 
commercial mesoporous γ-alumina catalyst known as Puralox® TH 100/150 in 1-butyl-
2,3-dimethylimidazolium chloride (BDMIM-Cl) IL-water mixtures, and I demonstrate 
this γ-alumina catalyst is hydrionothermally stable in these binary mixtures above a 
critical BDMIM-Cl composition.  A mesoporous form of γ-alumina is selected to provide 
adequate IL solution infiltration into the solid porous structure and for its potential use in 
lignocellulose hydrolysis catalysis since this will also allow for accessibility of the 
solvated bulky biopolymers having dimensions on the order of several nanometers into 
the solid interior.  Similarly, I choose a commercial γ-alumina material because of it 
being readily available, well characterized, and to compare its performance in these 
solvent phases relative to its use in other applications.  My selection of BDMIM-Cl as the 
ionic liquid is similar to why I selected it in Chapter 2 which is because of it being 
capable of homogeneously dissolving lignocellulosic biomass, the type that is most 
thermally stable of the imidazolium class, and having minimal acidity that could 
potentially alter the catalysis mechanism and compete and render ineffective other 
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catalysts (e.g., γ-alumina) simultaneously employed for lignocellulose hydrolysis.  From 
this analysis, I determine that BDMIM-Cl-water mixtures are necessary to use with γ-
alumina solids at elevated temperatures rather than water in order to avoid severe alumina 
degradation. 
 
4.2 EXPERIMENTAL 
4.2.1 Materials.  1-butyl-2,3-dimethylimidazolium chloride (BDMIM-Cl, ∼99.7%, 
Figure 2.1 in Chapter 2) was purchased from Sigma-Aldrich and used as received.  
Puralox® TH 100/150 γ-alumina (~98%) was obtained from Sasol North America, Inc. 
and used as received.  Commercially reported physical properties for these Puralox® 
particles used in my study include a surface area, characteristic pore diameter, and pore 
volumes all determined by molecular nitrogen adsorption-desorption based BET of 150 
m2/g, 22 nm, and 0.8-1.0 mL/g, respectively, and a median particle diameter of 40 µm.19  
All other chemicals and reagents used were acquired from Fisher Scientific and used as 
received.  BDMIM-Cl and Puralox® were stored and mainly handled inside a nitrogen 
gas inerted, positive pressure glovebox to prevent and minimize exposure to oxygen and 
moisture. 
4.2.2 Solvothermal Treatment Methods.  Solvothermal treatments (STTs) were 
conducted on 0.5 wt.% mixtures of loose Puralox® powder dispersed within about 3 g of 
the respective solvent required to conduct each treatment.  BDMIM-Cl-water binary 
solvent mixture compositions were discretely controlled within the range of 5 mol.% to 
45 mol% and all treatments took place at 200 °C for the specified time period.  All STTs 
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were run in the same batch type autoclave assemblies as was used for the MSF STTs 
presented in Chapter 3, which differed slightly from that autoclave assembly used for the 
work presented in Chapter 2.  Similarly to these MSF treatments, the alumina STT 
mixtures (i.e., Puralox® powder and solvent mixture) were directly contained within 
polytetrafluoroethylene (PTFE) acid digestion liners with amenable PTFE lids obtained 
from Parr Instrument Co. having a nominal internal volumetric capacity of 45 mL 
(Figure 4.1a).  For both the hydrothermal treatments and hydrionothermal treatments 
conducted in BDMIM-Cl-water binary mixtures of alumina, the PTFE liners were placed 
inside a corresponding acid digestion vessel to ensure evaporated water remained 
contained (Figure 4.1b).  Heating of the treatment mixture was accomplished by placing 
the treatment mixture container into a Fisher Isotemp vacuum oven (Model 281A) which 
controlled the enclosure temperature to within ±2 °C (Figure 4.1c). 
 
Figure 4.1.  (a) 45 mL PTFE acid digester liner with removable lid; (b) batch 
autoclave/acid digester assembly (Parr Instrument Co. PN: 4744); and (c) Fisher 
Scientific Isotemp vaccum oven. 
 
(b)(a) (c)
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Following the elapsed treatment duration, treatment containers were quenched in ice 
for approximately 15 minutes to adequately cool and significantly decrease the effects of 
the solvent on the alumina powder.  Once cooled to near room temperature, all treatment 
mixtures were further quenched by diluting with about 3 g of deionized water (1-
additional mass equivalent of the treatment solvent used for each experiment), swirled for 
about 1 minute, and allowed to sit at ambient lab conditions for about 30 minutes in the 
capped PTFE liner to allow for adequate dissolution of the solvent used for the particular 
treatment.  The diluted mixture was removed from the PTFE liner by means of glass 
volumetric pipette and transferred into a 15 mL plastic centrifuge tube.  Agitation by 
vigorous shaking and vortex mixing on  Fisher Scientiific vortex mixer at a setting of 10 
was performed to ensure that the solids adequately contacted the diluted solvent to ensure 
complete dissolution of the STT solvent mixture from within the porous solid. 
The alumina solids were then sedimented from the diluted STT solvent mixture by 
rotational centrifugation at 8,000 RPM for 60 minutes with a Beckman-Coulter Alegra X-
12 series centrifuge utilizing its maximum acceleration of about 10,000 RPM/minute and 
a deceleration of only about 900 RPM/minute (solids unsettle easily so a minimal 
deceleration is necessary to ensure all solids remain sedimented during deceleration).  
Following centrifugation, the supernatant was decanted into an 8mL glass vial and stored 
in the refrigerator until chemical analysis could be performed if desired.  The solids were 
then water washed by resuspending in about 10 mL of deionized water (approximately 3 
times the mass of the solvent mixture used for each treatment and also about 3 times the 
mass of dilution water added to further quench and wash the the treatment mixtures), 
agitated by vigorous shaking for about 1-2 minutes and then mixed by vortexing at 
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maximum rate of 10 on a Fisher Scientific vortex mixer for about 5 minutes to further 
wash the alumina solids.  Resuspended solids were then sedimented by centrifugation at 
the same conditions as the diluted treatment mixtures and the supernatant was discarded 
to waste following centrifugation.  This water washing step was then repeated two-
additional times to ensure adequate washing and removal of any residual treatment 
solvent mixture from the solid powder. 
During the final water washing step after agitating the resuspended solids in water, a 
small aliquot was removed (about 0.1 mL of total suspension) and deposited onto a 
scanning electron microscopy (SEM) stub sample support covered with a single side 
adhesive 1 cm diameter circular carbon tape piece obtained from Ted Pella, Inc. and 
allowed to dry at ambient lab conditions inside an enclosure to prevent dust 
accumulation/settling for imaging by SEM.  After complete water washing, the wet solids 
were allowed to dry at ambient lab conditions inside the centrifuge tube with its cap in 
place but not tightened down to also prevent dust settling into the drying solids.  Once 
solids were fully dried, X-ray scattering characterizations were performed on the dried 
solids. 
4.2.3 Solvothermally Treated γ-Alumina Solids Characterization.  The bulk 
morphology and crystalline structure of the Puralox® γ-alumina solids were characterized 
using SEM and medium and wide angle powder x-ray scattering (MAXS and WAXS) 
before and after high-temperature STTs. 
Field emission-scanning electron microscopy (FE-ESEM) images were captured 
using a FEI-600 Quanta high-vacuum, FE-ESEM instrument with a peripheral-lens 
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Evanhardt-Thornley secondary electron detector.  Samples were sputter coated with a 
Quorum plasma generating coater with an iridium conductive layer to prevent significant 
charging and for capturing optimal image resolution similarly to that deposited on the 
MSFs described in Chapter 3. 
Powder x-ray diffraction (p-XRD) was performed using a Rigaku Geigerflex X-ray 
diffraction system to examine any atomic scale structural changes in the solids following 
STTs.  All measurements made were done using a detector step size of 0.05º from 10.0º 
to 90.0º scanning range, and continuous step scanning speed of 1 second for minimizing 
the signal-to-noise ratio to an acceptable level for quantitative analysis.  Alumina solids 
were deposited as is after treatment and drying by crushing with a stainless steel spatula 
inside the centrifuge tube (solids still remained as a finely dispersed powder even after 
treatment and drying that only required minor mechanical pulverization to separate 
particles back into a fine powder), spreading about 0.01g-0.03g this fine powder over a 
single crystal quartz XRD sample window holder having a window dimension of about 
1.75 cm x 2cm, and then adhering in place these solids by dropping a small aliquot of 
acetone over them onto the window creating an alumina-acetone slurry which upon 
evaporation and drying of the acetone at ambient lab conditions, the alumina solids 
adhered to the quartz window.  Prior to substantial acetone evaporation, the slurried 
alumina powder was evenly spread over the window using a stainless steel spatula to 
ensure maximum window area coverage with as even of solids thickness as possible. 
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4.3 RESULTS 
4.3.1 Hydrothermal Treatment of γ-Alumina Solids.  HTT of the Puralox® γ-
alumina powder in liquid water at temperatures in the range of 100−200 °C and over 
durations lasting greater than 4-hours cause extensive internal morphological changes in 
the particle crystallite structure as observed by SEM (Figure 4.2a-j), while the 
macroscopic morphology of the alumina particles remains nearly unchanged and particles 
remain mostly intact with some disintegration (Figure 4.2k-t).  This temperature range is 
selected for this analysis similarly for the STT of MSFs I presented in Chapter 3 because 
it spans the temperatures used by other researchers investigating the catalytic hydrolysis 
of cellulose in ILs.18,20,21  The apparent amount of structural change and crystallite size 
increases for higher treatment temperatures and for longer treatment times.  Additionally, 
many of the particles undergoing structural transformation are found to disintegrate, 
presumably because of crystallite particle dispersion within the solvent upon water 
washing following STT (Figure 4.2k-t).  The severity of particle disintegration appears to 
worsen as the treatment temperature and time are increased and a consequence of the 
crystallite size becoming larger.  Use of p-XRD confirms these results obtained by SEM 
and that the crystal structure is found to transition completely from the initial γ-alumina 
to a hydrated transition alumina or boehmite structure after 24-hours of STT at 200 °C 
(Figure 4.3).  The scattering peak situated at about 2θ = 45° that appears in the p-XRD 
profile for the 200 °C, 24-hour treated Puralox® sample displayed in Figure 4.3 is solely 
due to scattering caused by aluminum from the sample holder window frame as this was 
slightly misaligned for this measurement, and is not part of the scattering structure 
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observed for the boehmite phase.  Only a single phase of boehmite was detected through 
this p-XRD measurement as is indicated in Figure 4.3.  No such alignment errors 
occurred for any of the subsequent p-XRD measurements. 
 
Figure 4.2.  SEM images of Puralox® γ-alumina particles HTT for 4-hours at: 100 °C (a) 
35,000x and (k) 500x; 125 °C (b) 35,000x and (l) 500x; 150 °C (c) 35,000 and (m) 500x; 
175 °C (d) 35,000x and (n) 500x; and 200 °C (e) 35,000x and (o) 500x; and for 24-hours 
at: 100 °C (f) 35,000x and (p) 500x; 125 °C (g) 35,000x and (q) 500x; 150 °C (h) 35,000 
and (r) 500x; 175 °C (i) 35,000x and (s) 500x; and 200 °C (j) 35,000x and (t) 500x; as 
compared to the untreated commercial Puralox® (u) 35,000x and (v) 500x.  Particle 
disintegration is evident in the lower magnification images where patches of small debris 
can be seen on the carbon surface around the particles.  The degree of disintegration as 
indicated by the amount of small debris particles appears to increase as the treatment 
severity gets worse.  For size determination of the elements depicted in each image, the 
width of each image for (a)-(j) and (u) corresponds to about 3.5 µm while that for (k)-(t) 
and (v) is about 250 µm. 
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Figure 4.3.  Powder XRD of commercial, untreated Puralox® γ-alumina and this treated 
at 200 °C for 24-hours. 
 
4.3.2 Hydrionothermal Treatment of γ-Alumina Solids.  During the HITT of the 
Puralox® solids at 200 °C over a duration of 24-hours in BDMIM-Cl-water binary 
solvent mixtures, I observe a gradual structural change in both the particle crystallite 
morphology and crystalline structure similar to that observed during the HTT of these 
solids, but only when the IL composition is below about 25 mol% (Figure 4.4a-c).  For 
BDMIM-Cl-water binary mixtures having compositions above about 25 mol%, I observe 
essentially no change in the particle internal morphology or structure (Figure 4.4d-f).  An 
HITT performed with a mixture composition of about 15 mol % BDMIM-Cl in water at 
200 °C for 24-hours results in about the same amount and morphological change in the 
particle crystallites as does a corresponding HTT performed at 125 °C also for 24-hours, 
except for the particles appear to be more platelet like.  More platelet like crystallites are 
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also observed to form in the 5 mol% BDMIM-Cl in water treated sample as well as 
compared to the more prismatic like crystallites found in those particles undergoing a 
comparable change in crystallite structure.  Characterization of HITT-Puralox solids by 
p-XRD confirms these SEM results and that the crystalline phase of the γ-alumina 
particle crystallites is observed to transform from the γ-alumina structure to that of a 
boehmite phase (Figure 4.5).  The amount of γ-alumina relative to boehmite present in 
the intact particles is observed quantitatively by p-XRD to decrease (approximately 33% 
γ-alumina remains in the 15 mol% BDMIM-Cl-water mixture treated sample) as the 
BDMIM-Cl composition of the binary solvent decreases with it less than 25 mol % 
BDMIM-Cl as well as qualitatively by SEM (Figure 4.4a-c). 
 
Figure 4.4.  SEM images taken at 35,000x of Puralox® γ-alumina particles treated at 200 
°C for 24-hours in: (a) water; (b) 5 mol% BDMIM-Cl in water; (c) 15 mol% BDMIM-Cl 
in water; (d) 25 mol% BDMIM-Cl in water; (e) 35 mol% BDMIM-Cl in water; (f) 45 
mol% BDMIM-Cl in water; and (g) untreated, commercial Puralox®.  For size 
determination of the elements depicted in each image, the width of each image 
corresponds to about 3.5 µm. 
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Figure 4.5.  Powder XRD of commercial, untreated Puralox® γ-alumina and this treated 
at 200 °C for 24-hours in water, and 5 mol%, 15 mol%, 25 mol%, 35 mol%, and 45 
mol% BDMIM-Cl in water.  
4.4 DISCUSSION 
4.4.1 Hydrothermal Treatment of γ-Alumina Solids.  γ-Alumina is unstable in 
liquid water.  Other researchers have determined that this form of alumina will undergo a 
crystalline structural rearrangement and transition to a boehmite-alumina phase in liquid 
water by surface hydrolysis and hydroxylation.10,14  Such a structural transition is 
undesirable in many different applications utilizing γ-alumina and especially for the 
purposes of catalysis.  It is known that the catalytic activity of alumina strongly depends 
on its crystalline structure, and, in particular, γ-alumina has been shown to generally be 
one of the most active of all transition aluminas in its family for catalyzing a broad range 
of reactions making it the one of the most desirable forms of alumina for catalysis.22  
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Therefore, a loss in the structure of γ-alumina to the much less active boehmite form due 
to an unavoidable side reaction with the reaction phase solvent is quite problematic.  The 
structural degradation of γ-alumina that takes place in liquid water can occur even at 
room temperature or in highly humid atmospheres; however, this depends on many 
factors including the pH and processing conditions used to synthesize the solid.10,23,24  
Chemical mechanisms hypothesized for the structural shift in γ-alumina by water is 
through a sequential dual step pathway.25  First, the γ-alumina surface is hydrated through 
the hydrolysis of alkoxide bridging bonds between neighboring octahedrally coordinated 
Al-atoms causing lattice stress leading to a global structural rearrangement to the 
monoclinic structure upon 50% surface hydrolysis.  Subsequently, surface hydration is 
fully completed causing the final structural shift to the boehmite unit cell structure of 
tetrahedrally coordinated Al-sites and the possible formation of interlayer cavities/spaces 
leaving the surface fully hydroxylated.  Consequently during this mechanism, phase 
separation by particle size ripening can also occur for hydrated crystallites in contact with 
one another, but usually isotropic enlargening of the particle occurs with its shape 
remaining approximately the same. 
Degradation by structural transition of my γ-alumina is similarly observed in liquid 
water at elevated temperatures, which is evident in the SEM images of my treated solids 
(panels a through j of Figure 4.2) and confirmed by p-XRD structural analysis (Figure 
4.3).  Transformation of γ-alumina to boehmite in water appears to occur at a temperature 
as low as 100 °C which is visible at as early as around 4-hours with what appears to be 
the complete conversion of all γ-alumina crystallites at 200 °C only just after 4-hours 
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(Figure 4.2 a and e).  Such a result is consistent with dynamic hydrothermal results 
reported by others.10  Additionally, high magnification SEM images of these 
hydrothermally treated solids (Figure 4.2a-j) qualitatively displays that the degree of g-
alumina-to-boehmite transformation is approximately the same between the 24-hour 
samples starting at 100 °C and the corresponding 4-hour samples treated at the 
temperature 25 °C higher (i.e., 100 °C-24-hour is visually equal in amount of 
transformation as the 125 °C-4-hour, etc.).  This means then that the average rate of 
transformation differs between each temperature by a factor of roughly 6-times.  If I 
assume that: (1) this ratio holds exactly for the 175 °C to 200 °C treatment conditions 
which is approximately correct by visual inspection of each pairs of SEM images for the 
different temperatures; (2) the instantaneous rate of transformation is approximately the 
same as the average; and (3) that the rate of transformation can be described by an 
Arrhenius temperature dependence, which is plausible since this structural change is the 
result of an interfacial chemical reaction between γ-alumina and water; I can estimate the 
apparent activation energy for crystalline restructuring as: 
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which is comparable and on order of the experimentally measured value for the 
transformation of γ-alumina to boehmite by thermal dehydration (190 KJ/mol), also 
supporting that this structural change I observe is the same.26 
Following thermal treatment, Puralox® particles appeared to remain unaggregated, 
however, some particle disintegration was found by SEM where the formed boehmite 
crystallites could be seen unflocculated and scattered on the SEM support in piles 
surrounding the particles.  The absence of particle aggregation is different from that 
reported by others and could be due two differences in my work compared to previous 
studies.10  Firstly, the particle concentration used in my work is about 3-times less than 
that used in previous studies which would reduce the rate of particle aggregation 
substantially.  Secondly, since I did not use continuous agitation provided by an external 
source and Puralox® particles are about two-orders of magnitude on average larger in 
diameter and even almost an order of magnitude larger than the aggregated ones observed 
in previous studies, slow relative aggregation kinetics27 and separation by rapid 
sedimentation due to larger particles could happen and significantly prevent particles 
from aggregating.10  Additionally, I also found that the Puralox® particles seemed to 
undergo disintegration of the crystallites as the amount of crystallite transformation 
increased (Figure 4.2k-t), which was a finding also not reported in previous 
investigations.10  Such a disintegration is probably due to a decrease in intercrystallite 
attractive interaction strength, possibly arising from the more elongated and platelet like 
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structure which would require for a more specific particle orientation to attain equivalent 
interaction, and an increase in the crystallite size.27 
4.4.2 Hydrionothermal Treatment of γ-Alumina Solids.  Stability of Puralox® 
against degradation under HITT occurring when the BDMIM-Cl composition is above a 
critical amount indicates a behavior similar to that found for the HITT stability of 
mesoporous silica.  In fact, the IL composition at which the critical stability for both γ-
alumina and silica occurs is approximately the same, suggesting that the mechanism 
behind the stability of each is similar.  Considering both the stability results for HITT of 
silica and alumina together, I narrow my hypothesis for why stability is observed for 
certain IL-water mixture composition ranges for both of these types of solids, as 
presented in Chapter 3, and propose that the mechanism by which both mesoporous silica 
and γ-alumina are stable in binary solvent mixtures of imidazolium-based ionic liquids 
and water is due to the interfacial adsorption of the IL cation from solution onto the solid 
surface, creating a passivating layer which prevents water from accessing the solid 
surface.13 
HITT of Puralox® γ-alumina qualitatively appears to cause the crystallite 
transformation to occur such that more elongated and platelet shaped particles are formed 
as compared to HTT treatment (Figure 4.5 and Figure 4.6).  The growth of more 
elongated particles signifies that there is a preferred direction of nucleation of the 
boehmite structure.  Typically this kind of solid growth is usually accompanied by some 
type of structure directing agent which often takes the form of an ion or surfactant that 
has been added into solution to facilitate the directionality of growth.28,29  If BDMIM-Cl 
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can preferentially adsorb onto certain alumina facets, directionality in the new boehmite 
crystallite particle growth could occur.  Such a hypothesis is consistent with the theory 
that γ-alumina solvothermal stability, and also mesoporous silica stability, in these 
mixtures arises from IL cation adsorption onto the solid surface passivating it by 
complete coverage occurring at a critical and high enough IL composition.  Therefore, I 
offer this argument of IL cation adsorbed crystallite directional growth under structural 
transformation as further evidence that the IL cation does in fact adsorb onto the solid 
and when adsorbed at large enough coverages will protect these metal oxides from 
degradation by water. 
Additionally, the amount of Puralox® disintegration into the constituent crystallites 
appears to be greater for the HITT γ-alumina for those BDMIM-Cl-water compositions 
where crystallite structural transformation occurs (i.e., < 25 mol% BDMIM-Cl) and with 
decreasing BDMIM-Cl composition than what is observed for the HTT γ-alumina having 
a corresponding amount of structural change (compare Figure 4.2k-t with Figure 4.6).  A 
greater tendency for the HITT Puralox® particle crystallites to disperse could be due to 
these restructuring into more elongated and platelet like shapes and since these appear to 
grow with a random orientation, the interaction between neighboring particles could be 
weaker and upon mechanical agitation such as that imparted during particle water 
washing, more disintegration will occur.  Conversely, a decrease in the interaction 
strength is possible if the faces of the platelets are covered with adsorbed IL cations due 
to their preferential adsorption onto these corresponding facets as hypothesized, which do 
not favor proximal interaction, and possibly repel one another.  Additionally, adsorbed IL 
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cations since amphiphilic in nature could possibly behave as surfactants for these 
crystallites causing their dispersability in water to occur more readily due to their kinetic 
stabilization of these in suspension.  Regardless, such a result demonstrates that in fact 
lower compositions of BDMIM-Cl-water mixtures are possibly worse than using water as 
even though the rate of γ-alumina transformation is maybe slightly less than when treated 
in water, the amount of particle disintegration is much more such that potential catalyst 
loss could be much larger. 
 
 
Figure 4.6.  SEM images displaying particle disintegration of Puralox® γ-alumina 
treated in: (a) 5 mol%; (b) region enclosed by the white square contained in (a) 
(a) (b)
(c) (d)
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displaying a higher magnification view of disintegrated boehmite platelet crystallite pile; 
(c) 15 mol%; and (d) 25 mol% BDMIM-Cl in water.  The amount of free platelets, and, 
therefore, particle disintegration, appears to increase as the amount of BDMIM-Cl is 
decreased, and also appears to be more than for a hydrothermally treated sample showing 
the same amount of crystallite structural transformation. 
 
4.5 CONCLUSIONS 
Puralox® mesoporous γ-alumina is thermochemically stable in imidazolium-based 
ionic liquid-water mixtures having water in amounts up to 75 mol%.  Degradation by 
crystallite phase change occurs in a gradual fashion with decreasing ionic liquid 
composition below about 25 mol%.  I rationalize this composition-dependent 
solvothermal behavior of mesoporous γ-alumina in ionic liquid-water binary mixtures 
similarly to the second hypothesis presented in Chapter 3 for the solvothermal stability of 
mesoporous silica where interfacially adsorbed IL cations passivate the solid from 
solvolytic degradation by water.  I believe that these results with γ-alumina taken together 
with those from mesoporous silica confirm that the interfacial behavior of IL cations is 
solely what dictates the stability of water unstable metal oxides in ionic liquid-water 
mixtures.  Likewise, in anhydrous ionic liquids I also stipulate that the stability of metal 
oxides, from either nucleophilic attack by the anions or irreversible cation surface 
complexation, will depend on the interfacial interaction between the solid and ionic liquid 
cation since imidazolium-based ionic liquid cations are amphiphilic in nature and 
therefore prone to spontaneous self-assembly.  A crucial consequence of such findings is 
that anhydrous imidazolium ionic liquids or ionic liquid-water mixtures may not be the 
ideal solvent media for hosting reactions that rely on metal oxides as heterogeneous 
catalysts, and especially those where water is a reactant, as the adsorption of the IL cation 
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onto the metal oxide-IL solution interface may prevent the reactant molecules from 
accessing the solid surface and hence their catalytic conversion.  Nevertheless, since at 
the least imidazolium ILs and certain compositional mixtures of these in water maintain 
the integrity of metal oxides, these still may be better solvents to use with metal oxides 
than water alone for a variety of applications including catalysis. 
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CHAPTER 5. Solvent Effects on the Heterogeneous 
Hydrolysis of a Lignin Model Compound in Ionic Liquid-
Water Mixtures Over a Commercial γ-Alumina Catalyst 
 
 
 
5.1 INTRODUCTION 
Solution based reactions are highly dependent on the solvent within which these are 
carried out.1,2  The reason for this is that even though the solvent does not appear to 
directly participate in the mechanism of the reaction, it in fact does influence how 
frequently and strongly reactants of multimolecular reactions interact with one another, as 
well as provides stabilization for both reaction transition states and the formed products.3  
As a result, changing the solvent of a reaction can have a drastic effect on the kinetics and 
equilibrium of that reaction.4  Surprisingly, this is a consequence that few researchers 
have considered when investigating the hydrolysis of lignocellulosic biomass in ionic 
liquids (ILs).  To the best of my knowledge, most reports on this subject have usually 
only tried to demonstrate the effectiveness of carrying out hydrolysis of lignocellulose 
with certain catalysts in ILs and have not carefully characterized how this reaction occurs 
in these solvents or how IL solvents change this process and compare to other solvents.5-8  
One particular reason for this is that not many solvents which can molecularly dissolve 
lignocellulose are known and so few efforts have been devoted to exploring the behavior 
of lignocellulose conversion in solution.9,10 
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One particular area of solution based lignocellulosic biomass depolymerization that 
has not yet investigated the effects of solvents is the solution phase hydrolysis of lignin.  
At present, most research in this field has mainly focused on the saccharification of 
cellulose since this biopolymer usually comprises the majority of most lignocellulosic 
biomass, and because synthesis of transportation fuels through a sugar route (i.e., ethanol) 
from cellulose has been widely advocated for.11-15  Although molecularly more complex, 
lignin is in fact a highly attractive renewable source for synthesizing aromatic and cyclic 
based hydrocarbons which probably fit better with our current chemicals infrastructure 
than those immediately derivable from cellulose or hemicelluloses such as ethanol.16,17  
Generally though, lignin is seldomly utilized for such a purpose and rather it is mostly 
combusted directly to provide fuel for many heat driven processes, such as in pulp and 
paper mills, since its chemical upgrading is not presently feasible or efficiently carried 
out.18  Only a modest amount of research has been conducted on the depolymerization of 
lignin to derive chemicals, and an even smaller fraction of this work has been devoted to 
studying its solution based hydrolysis to propenolaromatics.19-20  Therefore, it is 
extremely advantageous for research focus to also include the solution based chemical 
conversion of lignin. 
Hydrolysis of lignocellulosic biomass is quite slow and therefore kinetically 
limited.21,22  Traditionally, catalysts such as enzymes and homogeneous acids were used 
to catalyze the hydrolytic depolymerization of lignocellulose in aqueous media where this 
is suspended in solid form.23  Such catalysts were shown as effective but still many issues 
with their use is prevalent.  Most importantly of these is that lignocellulose is not 
homogeneously dissolved and that the catalysts cannot be separated or recovered 
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separately from the hydrolysis products.  The most optimal reaction system would be that 
explored where lignocellulose is molecularly dissolved in a solvent and then solid 
heterogeneous catalysts could catalyze their hydrolytic depolymerization.24-27  However 
several complications can arise for some solvents used in this scheme.  For example, 
when ionic liquids (ILs) are used as the solvent media to carry out the hydrolysis of 
lignocellulose and solid acids are selected as the catalyst to drive its hydrolytic 
depolymerization, the catalytic nature of many solid acids is found to change 
detrimentally.  Strong solid Brönsted acids were found to deactivate by ion exchange 
with IL cations when these were used in such solvents rendering these solid acids only a 
source of protons.28,29  The liberated protons in turn behave as homogeneous catalysts, 
catalyzing the hydrolysis of dissolved lignocellulosic biomass making it seem as though 
the solid is catalyzing the reaction which has been the source of some confusion amongst 
various researchers.  Therefore, many solid Brönsted acids are not suitable heterogenous 
catalysts to use in IL phase for lignocellulosic biomass catalytic hydrolysis. 
A potentially more effective type of solid acid to use instead of Brönsted acids which 
is known to catalyze both etherification and de-etherification reactions in solution, is a 
solid acid having Lewis acidity nature.30,31  In fact, γ-alumina has been demonstrated to 
be a superb solid Lewis acid capable of driving such reactions in solution.32  However, it 
has only been limitedly used in ILs with the purpose of catalyzing lignocellulose 
hydrolysis.28  Consequently, the use of γ-alumina in IL-water mixtures for catalyzing the 
hydrolysis of lignocellulosic biomass, and, in particular, lignin, may be a practical means 
to catalytically hydrolyze this biopolymer for aromatic chemicals production. 
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In light of these considerations, I present my investigation of using 1-butyl-2,3-
dimethylimidazolium chloride (BDMIM-Cl)-water binary mixtures as solvents for the 
hydrolysis of benzyl phenyl ether (BPE), the simplest α-aryl ether molecule, and I 
attempt to evaluate how such solvent mixtures affect this reaction.  BPE has been utilized 
and proposed by several other researchers as a good model compound to study the 
hydrolysis of lignin in solution by certain catalysts due to its relative ease of hydrolysis 
given its chemical nature.33-35  Lignin, being a heteropolypropenolaromatic, has two 
different types of aryl ether bonds which differ in their energetics of hydrolysis (Figure 
5.1).36,37  The α-aryl ether bonds of lignin usually have the lower hydrolysis activation 
energy and enthalpy making these more readily hydrolysable.  Likewise, the ether bond 
in BPE should be more easy to hydrolyze as compared to aryl based ethers with β-type 
ether bonds such as phenylethyl phenyl ether for example, which has a β-aryl ether bond.  
Therefore, BPE is chosen as a model compound to simulate the hydrolysis of the 
characteristic α-aryl ether bonds in lignin, given their relative ease of hydrolysis and due 
 
Figure 5.1.  Static 2-D molecular sturtuce of a segment of lignin with α-aryl and β-aryl 
ether bond types indicated in red and blue, respectively. 
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to BPE having a relatively simple molecular form which is ideal for analytical 
characterization as well as to allow for comparison with past work.  In my investigation, I 
determine the optimal binary solvent composition within which to examine BPE 
hydrolysis and I demonstrate that BPE is converted in this solvent mixture as well as 
discuss the selectivity of its conversion. 
Furthermore, I examine the ability of a commercial γ-alumina catalyst known as 
Puralox®, and that examined in Chapter 4 for solvothermal stability in BDMIM-Cl-water 
mixtures, to catalyze the hydrolysis of BPE in the optimal binary solvent mixture.  Using 
γ-alumina, I test whether the conversion and reaction selectivity is altered relative to 
when no γ-alumina is present as a result of catalytic hydrolysis, and how the presence of 
γ-alumina in the IL-water mixture effects the product distribution.  Finally, I discuss the 
performance and ferasibility of using this commercial catalyst in these solvent mixtures.  
 
5.2 EXPERIMENTAL 
5.2.1 Materials.  BDMIM-Cl (99.7%, Figure 2.1 in Chapter 2), BPE (99.5%, Figure 
5.2a), phenol (99.8%, Figure 5.2b), and benzyl alcohol (BA, ~99.9, Figure 5.2c) were 
purchased from Sigma-Aldrich and used as received.  Puralox® TH 100/150 γ-alumina 
(~98%) was obtained from Sasol North America, Inc. and used as received.  
Commercially reported physical properties for these Puralox® particles used in my study 
include a surface area, characteristic pore diameter, and pore volumes all determined by 
molecular nitrogen adsorption-desorption based BET of 150 m2/g, 22 nm, and 0.8-1.0 
mL/g, respectively, and a median particle diameter of 40 µm.38  All other chemicals and 
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reagents used were acquired from Fisher Scientific and used as received.  BDMIM-Cl, 
BPE, Phenol, BA, and Puralox® were stored and mainly handled inside a nitrogen gas 
inerted, positive pressure glovebox to prevent and minimize exposure to oxygen and 
moisture, except phenol was stored in a refrigerator maintained at about 3 °C and after 
the reagent contaniner was inerted with nitrogen gas and sealed by the cap and with 
parafilm. 
 
Figure 5.2.  Reaction equation for (a) benzyl phenyl ether (BPE) hydrolyzing to (b) 
phenol and (c) benzyl alcohol (BA). 
 
5.2.2 Conversion Experiment Methods in 1-butyl-2,3-dimethylimidazolium 
chloride-Water Mixtures.  Hydrolysis conversion experiments of BPE were conducted 
on about 6 g of three differet nominal BPE solution concentrations (0.01 M, 0.05 M, and 
0.15 M) dissolved in a 40 mol% BDMIM-Cl-water binary solvent mixture at 
temperatures in the range of 100 °C-150 °C.  Approximately, 16.6 g of BDMIM-Cl was 
weighed and mixed with about 2.4 g of deionized water produced from a Diamond 
RO/Nanopure water purification system with a resistivity of less than 18.2 mΩ·cm and 
further purified to remove dissolved oxygen by purging with ultra high purity helium in a 
fully sealed glass 24 mL vial for about 1-hour to generate about 19 g of the 40 mol% 
BDMIM-Cl in water solvent composition which was used as a stock solvent solution to 
make conversion samples for the three different BPE concentrations to be run at a single 
temperature within the desired range.  Binary solvent mixtures were made by first 
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weighing BDMIM-Cl into a 40 mL glass vial having a magnetic stirrer followed by 
sealing with a size 14 (10-24 joint) natural rubber self-sealing stopper acquired from 
Fisher Scientific.  Futher sealing and securing of the stopper was done by wrapping at 
least three full rounds of High density Mil-T-27730A type polytetrafluoroethylene 
(PTFE) thread tape purchased from Taega Technologies, Inc. in rolls of 1/2" x 600"over 
the junction of the self-sealing stopped sleeve and 40 mL glass vial followed by one piece 
of 16 AWG copper wire were wrapped around the vial mouth over the PTFE tape sealed 
stopper to provide the main form of stopper sealing and security, all done in a nitrogen 
inerted positive pressure glove box.  Subsequently, the appropriate amount of deionized 
and helium purged water required to generate a 40 mol% BDMIM-Cl-water mixture was 
dispensed by mass through the rubber stopper using a 1.5”-21 gauge stainless steel needle 
and 5 mL all plastic BD syringe outside of the glove box.  The mixture was then allowed 
to sit with magnetic stirring at about 1200RPM at room temperature with occasional 
vortex mixing by a Fisher Scientific vortex mixer at a full speed of 10 until the mixture 
was a homogeneous liquid (required about 2-3 hours). 
All conversion experiments were run in similar batch type autoclave assemblies used 
and presented in Chapter 2 but only utilizing the internal vial container to directly hold 
the solvent mixture which was composed of an 8 mL glass vial with top sealed by an 8 
mm OD Suba Seal® silicone type high temperature self-sealing rubber stopper (Figure 
2.2a).  The 8 mm OD Suba Seal® stopper internal serrated flange was wrapped with two 
2.5” long strips of PTFE thread tape purchased from Taega Technologies, Inc. in rolls of 
1/2" x 600" to increase its diameter and cover the stopper for additional protection.  Each 
strip of PTFE tape was heat treated in air at 250 °C for about 30 minutes and chemically 
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extracted with HPLC grade acetone soaking three times over a duration of about 30 
minutes each followed by rinsing after each acetone extraction with deionized water of 
the same quality used to make the binary solvent mixtures.  Suba Seal® stoppers were 
solvent extracted with HPLC grade acetone similarly to how the PTFE tape pieces 
wrapped on these were, but additional sonication for about 5 minutes during each 
extraction was performed to ensure that any extractable species was removed as much as 
possible prior to using in the thermal treatments.  After sealing each vial with the Suba 
Seal® stoppers, the outer flange was further sealed and tightened by wrapping more 
PTFE tape (not chemically extracted since this was on the outside and would not come in 
contact with the solvent mixture directly) around the outside of the vial at the stopper 
sleeve joint with at least three full rounds of PTFE tape.  Subsequent to securing the 
stopper in place with PTFE tape, two pieces of 16 AWG copper wire were wrapped 
separately and alternately around the vial mouth over the PTFE tape sealed stopper to 
provide the main form of stopper sealing and security.  BPE solutions were made by first 
weighing the necessary amount of BPE to generate the desired reaction concentration into 
the 8 mL glass vial having a magnetic stirrer followed by sealing as just described all 
done in a nitrogen inerted positive pressure glove box, and then dispensing by mass 
through the Suba Seal® stopper using a 1.5”-21 gauge stainless steel needle and 5 mL all 
plastic BD syringe about 6 g the 40% by mol BDMIM-Cl-water solvent mixture after this 
was fully and homogeneously mixed.  All BPE solids were then contacted with the 
solvent mixture to ensure these were wetted adequately prior to conversion at elevated 
temperature. 
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BPE conversion was then carried out by placing the mixture vial into a hot oil bath 
with magnetic stirring at about 1400 RPM maintained at the desired temperature by an 
IKA RCT basic IKAMAG integrated, variable temperature-speed hot plate-magnetic 
stirrer outfitted with an IKA PT-1000 remote, integral thermocouple-controller (Figure 
5.3).  Approximately 1 g samples (~0.95 mL) were collected using a 4”-16 gauge 
stainless steel needle with luer lock attached to a 2.5 mL air tight Hamilton glass syringe 
with steel luer lock and PTFE ferrel and dispensed into an 8 mL vial submerged in an ice 
bath to quench and adequately cool the reaction mixture.  Separate and individual gas 
tight glass syringes and stainless steel syringe needles were used to take each sample to 
avoid contamination between consecutive samples.  These were cleaned prior to and after 
every experiment by soaking in HPLC grade acetonitrile for at least 4-hours and then by 
rinsing with about 10 mL of acetonitrile three times each followed by rinsing three times 
with deionized water of the same quality used to make the reaction mixture (without 
being purged with helium) with subsequent drying by purified nitrogen gas and storing in 
all glass to keep clean and uncontaminated.  An initial sample was collected after the 
mixture was allowed to stir and heat for about 1-minute for the 125 °C and 150 °C 
experiments, and about 3-minutes for the 100 °C experiments to allow for adequate BPE 
dissolution and to serve as the initial sample for conversion determination.  All other 
samples following were collected after about 7-minutes of duration for the 100 °C 
experiments and every 5-minutes for the 125 °C and 150 °C experiments, with a total 
reaction experiment duration of about 26-36-minutes.  Sample vials were capped 
immediately following dispensement of each collected sample from the glass syringe to 
avoid any losses in product or solvent due to evaporation and allowed to sit in the ice 
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bath for about 2-3 minutes to ensure completely quenched.  After removing from the ice 
bath, sample vials were dried and then further sealed by wrapping parafilm strips over the 
vial neck and vial cap.  A total of five samples were collected using synringe extraction 
and a final sixth sample was taken by simply removing the reaction vial from the oil bath 
and placing this also in the same ice bath to quench and adequately stop the reaction.  
After collection, samples were disolved in about 2.3 g of acetonitrile to further quench 
the reaction and dilute the solution in preparation for analysis.  Diluted mixtures were 
swirled for about 1 minute and allowed to sit at ambient lab conditions capped with the 
original vial screw cap on having been sealed with a strip of parafilm wrapped over the 
vial neck and cap for about 10 minutes to allow for dissolution of each sample at room 
temperature to occur.  The diluted mixtures were then stored in a refrigerator maintained 
at about 3 °C until each could be characterized. 
 
Figure 5.3.  BPE hydrolysis conversion experiment (a) hot oil bath setup and (b) close up 
of sample vial in oil bath. 
 
(a) (b)
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Conversion of BPE and yield of hydrolysis products are determined from the 
computed solution concentrations using the following representation: 
 	% =
,
,
∙ 100% 5.1 
 	% =
,
,
∙ 100% 5.2 
where in Equation 5.1 XBPE is the molar conversion of BPE in %, cBPE,i is the initial or 
starting concentration of BPE in solution, and cBPE is the concentration of BPE in solution 
at a particular time after conversion has taken place.  Simiarly, for the yield computed 
using Equation 5.2, Yk is the yield of product k = phenol or BA in %, ck,I is the initial 
concentration of product k, and ck is the concentration of product k at a particular time 
after conversion has taken place.  Since volume is constant in the reacting systems the use 
of concentrations in the calculation for conversion is acceptable. 
5.2.3 Conversion Experiments with Puralox® γ-Al2O3.  Experimental protocol 
followed for carrying out the conversion experiments with Puralox® was identical to that 
presented in Secton 5.2.2 except a few minor differences.  For a single experiment (i.e., 
single temperature), separate conversion experiment samples were prepared in separate 8 
mL glass vials each of 1 g solutions of BPE dissolved in a 40 mol% BDMIM-Cl-water 
binary solvent mixture at a nominal concentration of 0.15 M.  Only two conversion 
temperatures were examined to minimize experimental time and maximize efficiency.  
These were conducted at 125 °C and 150 °C.  Approximately, 5.3 g of BDMIM-Cl was 
weighed and mixed with about 1.7 g of deionized water of the same quality as described 
in Section 5.2.2 to generate about 7 g of the 40 mol% BDMIM-Cl in water solvent 
composition which was used as a stock solvent solution to make conversion samples to 
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be run at a single temperature.  Binary solvent mixtures were made by the same 
procedure followed in Section 5.2.2. 
BPE solutions were made by first weighing the necessary amount of BPE to generate 
the desired reaction concentration into an 8 mL glass vial having a magnetic stirrer 
followed by sealing as described in Section 5.2.2 except using an inverted natural rubber 
self-sealing stopper all done in a nitrogen inerted positive pressure glove box, and then 
dispensing by mass through the stopper using a 1.5”-21 gauge stainless steel needle and 5 
mL all plastic BD syringe about 6 g the 40% by mol BDMIM-Cl-water solvent mixture 
after this was fully and homogeneously mixed.  All BPE solids were then contacted with 
the solvent mixture to ensure these were wetted adequately.  The vial was then placed in 
an oil bath maintained at about 43 °C with magnetic stirring at 1200 RPM to dissolve all 
BPE solids.  BPE melts at about 41 °C forming droplets which are visibly suspended 
within the BDMIM-Cl-water mixture.  However, liquification of BPE appears to occur at 
about 38-39 °C and lower than the known melting point for BPE probably due to the 
penetration and swelling of the BPE solids by the IL.  Following about 1.5-2-hours of 
heating and stirring all BPE droplets disappeared and the solution became homogeneous 
indicating complete dissolution of BPE.  All conversion experiments were carried out 
using the same amount of γ-alumina catalyst which was at a ratio of about 1:3 grams of 
Puralox® to grams of BPE or 1:3 moles of active Lewis acid sites in Puralox® to 3 moles 
of BPE.  About 0.06 g of Puralox® γ-alumina was weighed separately into 5-8 mL glass 
vials and sealed as done for the BPE solution but using the high temperature Suba Seal® 
self-sealing stoppers instead of the natural rubber stoppers, all in a positive pressure glove 
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box.  Following catalyst weighing, about 1 g of the 0.15 M BPE solution dissolved in 40 
mol% BDMIM-Cl in water is dispensed into each 8 mL glass vial having the Puralox® 
similarly to how this was done to generate the BPE solution.  The remaining 1 g of BPE 
solution was kept for analysis as an initial sample used to determine the initial 
concentration of each sample.  Each mixture was then allowed to stir for about 5 minutes 
at about 1200 RPM to ensure that the γ-alumina was adequately suspended in the BPE 
solution. 
BPE conversion was then carried out by placing the five mixture vials into the same a 
hot oil bath as used for the conversion experiments conducted without γ-alumina (Figure 
5.3).  Each vial was removed sequentially and after about a duration of 30 minutes 
between each. Sample vials were immediately placed in an ice bath and allowed to sit for 
about 5 minutes to ensure adequately quenched.  Following each conversion experiment, 
samples were disolved in about 2.3 g of acetonitrile to further quench the reaction, 
deactivate the catalyst, and dilute the solution in preparation for analysis.  Diluted 
mixtures were swirled for about 1 minute and allowed to sit at ambient lab conditions 
capped with the original vial screw cap on for about 10 minutes to allow for complete 
dissolution of the BPE solution and dissolution of this from within the interior of the 
solid at room temperature.  Mixtures were then filtered using 0.2 mm PTFE membrane 
based syringer driven filters and 5 mL all plastic BD syringes (these are impervious to 
acetonitrile) into a new and clean 8 mL glass vial.  Vials were additionally sealed after 
recapping with a strip of parafilm wrapped over the vial neck and cap, and stored in a 
refrigerator maintained at about 3 °C until each could be characterized. 
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5.2.4 Conversion Experiment Quantification Methods.  Samples collected from 
each BPE hydrolysis experiment were analyzed by high performance liquid 
chromatography (HPLC) to quantify the amount of conversion and chemical change of 
BPE as well as expected hydrolysis products phenol and benzyl alcohol and degradation 
product distribution.  HPLC was performed using a Shimadzu LCMS-2010 EV liquid 
chromatograph mass spectrometer with a SPD-20A Prominence dual channel UV-Vis 
detector.  For the stationary phase, a Shimadzu Premier 150 mm long x 10 mm ID 
stainless steel column packed with 5 µm diameter reversed phase C-18 functionalized 
silica beads with 12 nm diameter pores was used for sample fractionation.  All HPLC 
measurements were run in isocratic mode having a carrier phase with a constant 60:40 
volumetric ratio of HPLC grade acetonitrile:ultra filtered and deionized HPLC grade 
water and pumped at a constant rate of 4 mL/min.  The sustained pressure at the pump 
discharge for this operation was about 860-880 PSIG.  For each measurement, about 1.9 
mL of each sample was transferred from their respective 8 mL glass vial into separate 
new 2 mL glass screw top sampling vials with amenable septa screw caps which were 
installed following sample transfer.  All exposed surfaces inside the sampling vial were 
contacted with the sample by inverting several times.  During measurements, samples 
were collected and dispensed by the onboard automated sampling system in amounts of 
10 µL and only after the column was fully eluted using 100% acetonitrile at 4 mL/min for 
about 5-minutes and then allowing the system to equilibrate as indicated by a steady state 
signal output from detector under the measurement carrier phase mixture ratio.  UV 
absorbance detection was measured at 254 nm and 280 nm simultaneously using the dual 
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channel detector to optimize detection of the species of interest.  After dispensing and all 
measurements were made, all 8 mL sample vials were re-sealed with parafilm sealing 
strips as done prior to analysis and stored under refrigeration at about 3 °C along with the 
septa sealed chromatography sample vials.  BPE, phenol, and BA standards at 
concentrations of about 0.005 M, 0.01 M, 0.05 M, and 0.10 M (concentration range same 
as experimental samples) were generated in acetonitrile by weighing the appropriate 
amount of of each compound and acetonitrile into an 8 mL glass vial and then analyzing 
according to this same protocol described for each conversion experiment sample.  A 
standard curve relating the chromatograph area to the concentration of each compound 
was computed and used to determine their concentrations in each sample. 
 
5.3 RESULTS 
5.3.1. Solubility of 1-butyl-2,3-dimethylimidazolium chloride in Water and 
Benzyl Phenyl Ether in 1-butyl-2,3-dimethylimidazolium chloride-Water Mixtures.  
Solubility, and hence the miscibility and mixture liquidity point, of BDMIM-Cl in water 
at room temperature is found to be approximately 50 mol% (Figure 5.4).  When the 
amount of BDMIM-Cl exceeds 50 mol%, the mixture is biphasic with a solid BDMIM-Cl 
phase in an amount dependent on the mixture composition and the BDMIM-Cl solubility, 
and a liquid water phase that is saturated with BDMIM-Cl (Figure 5.4a).  Below 50 
mol%, mixtures are fully liquid, indicating that the solubility or miscibility point occurs 
for BDMIM-Cl-water compositional mixtures having 50 mol% BDMIM-Cl.  This 
behavior is also quantitatively confirmed by examining the duration required for the 
mixture to become completely liquid as determined by visual inspection (Figure 5.4b).  
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As a BDMIM-Cl composition of 50 mol% is neared, the time required for dissolution and 
complete mixing leaving a fully homogeneous liquid phase diverges to infinitely long. 
BPE is found soluble in all compositional mixtures of BDMIM-Cl in water which are 
liquid (i.e., from 0-50 mol% BDMIM-Cl in water), but both the dissolution temperature 
and solubility time depend strongly on the solvent composition (Figure 5.5).  As the 
BDMIM-Cl composition is increased from 0 mol%, the solubility temperature required 
for about 5 wt% BPE to dissolve decreases drastically once the solvent composition 
reaches 15 mol% BDMIM-Cl (Figure 5.5b, please see Appendix B.4 Figure B.4.1 for the 
mol% to wt% conversion for BDMIM-Cl-water mixtures to get an idea for how much 
BDMIM-Cl is in the mixture relative to BPE).  Similarly, the time required for BPE to 
precipitate and crash out of solution once this is formed and cooled rapidly to room 
temperature increases as the BDMIM-Cl composition increases, but does not become 
substantial until the solvent composition is greater than about 25 mol% BDMIM-Cl 
(Figure 5.5b, burgunday axis on right).  The visual disappearance of BPE is indeed due to 
its molecular dissolution and not because of rapid hydrolysis to readily water soluble low 
molecular weight aryl alcohols (Figure 5.6).  Although for the 5 mol% mixture, a small 
amount of conversion of BPE appears to have occurred generating products that were 
soluble in this solvent mixture.  Such an increase in solubility with increasing BDMIM-
Cl composition is reasonable since this IL has significant hydrophobic and even 
amphiphilic character which helps BPE mix well molecularly with water.  The solution 
stability as found is likewise expected for this same reason but also because the viscosity 
of the BDMIM-Cl-water mixture increases significantly with increasing IL and especially 
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Figure 5.4.  (a) photographic images of compositional mixtures in mol% of BDMIM-Cl 
and water at room temperature and (b) plot of time required for the mixtures depicted in 
(a) to fully mix and liquefy quantitatively displaying the solubility composition.  Copper 
wire wrapped around vials is for an external marker only and no other purpose than 
allowing for differentiation of the different mixtures from one another. 
 
near the solubility point for BDMIM-Cl which will immensely delay the precipitation 
time. 
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Figure 5.5.  (a) photographic images of approximately 5 wt% BPE in a 40 mol% 
BDMIM-Cl-water binary solvent mixture at room temperature after stirring (top) and at 
room temperature after heating to dissolution temperatures with stirring, dissolution, and 
about 21-hours after crashing out by quenching back to room temperature (bottom), and 
(b) plot of the dissolution temperature required to dissolve 5 wt% BPE versus binary 
solvent BDMIM-Cl composition (navy blue colored axis) and the corresponding time 
required for BPE to precipitate after quenching back to room temperature following 
elevated temperature dissolution (maroon colored axis). 
 
5.3.2. Benzyl Phenyl Ether Hydrolysis in a 40 mol% 1-butyl-2,3-
dimethylimidazolium chloride-Water Mixture.  Conversion of BPE in 40 mol% 
BDMIM-Cl in water binary solvent mixtures at temperatures in the range of 100-150 °C 
occurs (Figure 5.7a and b).  As time is increased, for any given reaction temperature, the 
BPE concentration decreases while both the phenol and BA concentrations increase 
indicating BPE hydrolysis (Figure 5.7a).  Likewise with an increase in time, the 
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Figure 5.6.  Plot of the calculated mixture initial concentration versus the measured 
mixture final concentration after BPE dissolution for mixtures in Figure 5.5. 
 
computed conversion is also seen to increase and simultaneously the yield of hydrolysis 
products increases as well supporting hydrolysis.  However, the yield of both phenol and 
BA is not consistent with the amount of BPE conversion observed (Figure 5.7b).  
Degradation products found from BPE conversion were analyzed qualitatively and not 
quantified absolutely due to the inability to speciate these.  The estimated relative amount 
of degradation products is seen to comprise a larger fraction of the total change of BPE 
than either phenol or BA (Figure 5.7c).  However, the relative amount of degradation 
products taken together with even phenol or BA still only accounts for about 70-80% of 
the relative change in BPE.  An analysis on the degradation product distribution 
demonstrates that this is comprised mainly of two different species (Figure 5.7d): (1) a 
degradation product that is definitively identified from BA; and (2) an unknown species 
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Figure 5.7.  Dynamic plots of the: (a) concentration of BPE and expected hydrolysis 
products phenol and BA for a conversion experiment run at 125 °C with an initial BPE 
concentration of about 0.15 M; (b) corresponding conversion of BPE and yield of phenol 
and BA; (c) corresponding relative HPLC quantification of BPE, phenol, and BA for 
comparison with (d) corresponding relative HPLC quantification of the degradation 
products formed during hydrolysis.  Values indicated in the names for “Unknown” 
degradation products are the elution times in minutes observed for these compounds 
under the HPLC conditions described in the Experimental section. 
 
having an HPLC elution time close to that of BPE (Figure 5.8, τBPE ≈ 10.0 minutes).  
Similar analysis of the conversion experiments carried out at different temperatures and 
for different initial BPE solution concentrations yield equivalent results where the 
conversion of BPE is not explained solely by the yield of hydrolysis products even when 
0 60 120 180 240 300
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
 BPE
 Phenol
 BA
BP
E 
Co
n
ce
n
tra
tio
n
 
(M
)
Reaction Time (Minutes)
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020
Ph
e
n
ol
 &
 BA
 C
o
n
ce
ntratio
n
 (M)
0 60 120 180 240 300
0
10
20
30
40
50
60
70
80
90
100
BP
E 
Co
n
ve
rs
io
n
 
(%
)
Reaction Time (Minutes)
0
1
2
3
4
5
6
7
8
9
10
Ph
e
n
ol
 &
 BA
 Yield
 (%)
0 60 120 180 240 300
0
1
2
3
4
5
Ar
e
a
 
Pr
o
po
rti
o
n
 
(%
)
Reaction Time (Minutes)
 Total Degradtion
 BA Degradation
 Unknown 4.6
 Unknown 4.9
 Unknown 5.6
 Unknown 6.6
 Unknown 7.3
 Unknown 8.0
 Unknown 8.6
0 60 120 180 240 300
0
3
6
9
12
15
Ar
e
a
 
Pr
o
po
rti
o
n
 
(%
)
Reaction Time (Minutes)
 BPE
 Phenol
 BA
 Total Degradation
(a)
(c)
(b)
(d)
148 
 
accounted for together with the degradation products and the degradation product 
distribution is mostly from two speices only. 
 
Figure 5.8.  (a) representative HPLC chromatograph taken for the analysis at time 170 
minutes for BPE conversion in a 40 mol% BDMIM-Cl in water mixture at 125 °C; and 
(b) a magnified view of (a) to show smaller presence of other species. 
 
Applying the method of initial rates to my conversion experiment results and only for 
conversions of less than about 5%39, I can compute the reaction rates at 100 °C, 125 °C, 
and 150 °C for the overall conversion of BPE.  When I compare these reaction rates to 
the initial BPE concentrations, I find that the order of the reaction in BPE is nearly linear 
(Figure 5.9).  A very slight and small deviation from linearity for the 150 °C experiment 
is observed but this is attributed to sampling error as these samples were the most 
difficult to collect since it was the hottest temperature. 
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Figure 5.9.  Reaction rates for BPE conversion determined from the method of initial 
rates versus initial BPE concentration for 100 °C, 125 °C, and 150 °C.  Lines overlayed 
onto datasets are the least squared error best fit linear regression lines computed for the 
intercept forced to 0 and those given in the equations also included inside the plot area. 
 
5.3.4. Comparison of Benzyl Phenyl Ether Hydrolysis in Ionic Liquid-Water 
Mixtures to that in Water.  Assuming that the conversion of BPE is due solely to a 
single reaction, and that reaction being hydrolysis, and that the concentration of water 
remains constatnt since initially this is several of orders of magnitude larger than the BPE 
concentration, a pseudo first order rate constant can be computed for this reaction.  In 
fact, these pseudo first order rate constants computed are found for the reaction of BPE in 
40 mol% BDMIM-Cl in water binary solvent mixtures to vary in an Arrhenius fashion 
where the activation energy and pre-exponential factor are determined to be 57.7 kJ/mol 
and 77.8 L/mol*s, respectively (Figure 5.10).  Comparing these rate constants and their 
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respective Arrhenius thermal form to that found in water by others demonstrates that the 
binary BDMIM-Cl influences the conversion of BPE differently (Figure 5.10).34   
 
Figure 5.10.  Arrhenius plot of the pseudo first order rate constants computed from rate 
data presented in Figure 5.9 for the conversion of BPE carried out in a 40 mol% 
BDMIM-Cl in water binary mixture, and in water as taken from Lu, X. Y. et al. Chin. 
Chem. Lett. 2011 and extrapolated to lower temperatures as designated.34 
 
 
5.4 DISCUSSION 
5.4.1. Selection of 1-butyl-2,3-dimethylimidazolium chloride-water Binary 
Solvent Mixture Composition.  In light of the findings reported in Chapters 2, 3, and 4, 
an optimal solvent composition of BDMIM-Cl in water must be selected within which to 
carry out the hydrolysis of lignocellulose.  In Chapter 2, I found that substantial solvent 
phase degradation of BDMIM-Cl occurs at temperatures relevant for the hydrolysis of 
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lignocellulosic biomass and that when water is present in quantities exceeding about 35 
mol% this degradation is mostly diminished and proportionately to its composition above 
this critical limit.  Therefore, an obvious upper bound BDMIM-Cl composition limit to 
set would be 65 mol%.  In Chapters 3 and 4, I discovered that mesoporous silica and γ-
alumina degrade by dissolution and structural recrystallization, respectively, when in 
water at similar elevated temperatures significant for lignocellulose hydrolysis, but that 
this degradation does not occur when the IL solvent compositions exceed about 25 mol%.  
Consequently, if mesoporous silica or γ-alumina is to be used as heterogeneous solid 
catalysts in IL-water mixtures for catalyzing the hydrolysis of lignocellulose, a suitable 
lower bound must be set on the IL solvent composition to avoid catastrophic destruction 
of these catalysts.  Such a lower bound for the BDMIM-Cl-water composition would 
therefore be 25 mol%.  Accordingly, the optimal BDMIM-Cl composition range to select 
for use in the hydrolysis of lignocellulosic biomass, and most specifically lignin, is 
determined to be 25 mol% < XBDMIM-Cl < 65 mol% BDMIM-Cl in water, where XBDMIM-Cl 
is the molar composition of BDMIM-Cl in mol%.  However, it is necessary to consider 
also the behavior of the biomass in these mixtures, and, in particular, biomass solubility 
as a function of temperature to know whether these bounds are properly constrained and 
constrained enough.  Since in my present study I will focus on using BPE as a lignin 
model compound, I will therefore need to determine if BPE is soluble in this composition 
range and at what conditions.  Upon evaluating the solubility of BPE in BDMIM-Cl-
water mixtures with compositions in the range of 5 mol% to 45 mol% (Figure 5.5), I do 
find that BPE is indeed soluble in compositions of BDMIM-Cl in water in this refined 
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composition mixture, and from this analysis I can determine that the new, best minimum 
composition, which requires for BPE to be stably dissolved at room temperature, is at 
about 35 mol% BDMIM-Cl in water.  Such a composition allows for a minimal 
dissolution temperature for dissolving BPE, thereby essentially avoiding BPE hydrolysis 
during solution generation, and an adequately long enough solution stability to provide 
enough time for processing before BPE precipitates.  Consequently, a better minimum 
bound for the optimal solvent composition range for lignocellulose hydrolysis in 
BDMIM-Cl-water mixtures is then 35 mol% BDMIM-Cl, and that the improved 
composition range becomes 35 mol% < XBDMIM-Cl < 65 mol%. 
Another sensible restriction to impose on the binary solvent composition is to require 
that the mixture be liquid at room temperature.  Significance of satisfying such a 
condition is that this also allows for a continuous flowing reaction scheme to be used 
instead of a batchwise non-flowing reaction system.  Fortunately when I examine the 
miscibility characteristics of BDMIM-Cl and water, I do in fact find that such a condition 
can be satisfied when the mixture composition is below about 50 mol% BDMIM-Cl 
(Figure 5.4).  Since BDMIM-Cl-water mixtures are fully miscible and liquid below this 
composition, the upper composition limit should be adjusted to this since it is below the 
critical BDMIM-Cl composition degradation limit, and so optimal compositions for BPE 
hydrolysis in BDMIM-Cl-water mixtures using solid catalysts based on either 
mesoporous silica or alumina occur in the range of 35 mol% < X < 50 mol%. 
To minimize the thermal degradation of BDMIM-Cl, potential degradation of metal 
oxide catalysts, solvent viscosity, and amount of IL used and in turn cost, as well as to 
maximize the BPE solubility and solution stability time, I choose 40 mol% BDMIM-Cl 
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in water as the optimal solvent composition to use for my evaluation of the effects that 
IL-water mixtures have on the hydrolysis of BPE. 
5.4.2. Benzyl Phenyl Ether Hydrolysis in 40 mol% 1-butyl-2,3-
dimethylimidazolium chloride-water Mixture.  Conversion experiments carried out in 
in this optimal solvent composition (40 mol% BDMIM-Cl in water) definitively show 
conversion of BPE at 100 °C, 125 °C, and 150 °C.  Such a rather low temperature range 
is selected in order to ensure that the degradation of BDMIM-Cl is minimal and so that 
any formed degradation products will not have any significant effect on the conversion of 
BPE, as well as lower temperatures are known to minimize pyrolytic degradation of 
aromatic species implying that lower temperatures should favor BPE hydrolysis over 
pyrolysis or the formed hydrolysis products.  However, the dynamic conversion of BPE 
found cannot be explained by the yield of hydrolysis products.  This finding means that 
then either phenol or BA are reacting further to form other chemical species in solution 
leading to a loss in the hydrolysis products or BPE is reacting through a different 
mechanism producing alternate products that are undesirable.  When I examine the 
degradation product distribution using HPLC, I observe that the total amount of 
degradation products formed at any particular time still does not explain the discrepancy.  
Therefore, there must be alternate/degradation products formed which I am unable to 
detect using my HPLC protocol.  Likewise, when I examine the breakdown of 
degradation products, I am able to confidently conclude that BA degradation does 
contriubute a substantial portion to the total degradation I can measure (~25-30% of total 
degradation, Figure 5.7d and Figure 5.8), and, hence, I do know that this is degrading 
and the measured formation is lower than what actually is formed.  However, the 
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majority of degradation is from one product (70-75%) eluting at a time close to BPE 
(Figure 5.8, τBPE ≈ 10.0 minutes) which is likely to be some degradation product of BPE 
or a condensation product formed from a different form of condensation reaction between 
phenol and BA than the reverse of hydrolysis, or the BDMIM-Cl and any of the 
compounds of interest in my system, or the condensation between BDMIM-Cl and either 
BPE or phenol and/or BA.  Unfortunately, I am unable to identify this product 
analytically at the present but I did in fact find this same elution compound present in a 
very small quantity of the pure BPE reactant suggesting that the source is probably not a 
reaction between the IL or any of its degradation products and any of my desired 
compounds.  Condensation between phenol and BA or degradation of BPE as the source 
for this compound cannot be determined from this knowledge.  Additionally, I also see 
through HPLC other species present but their relative amounts do not change during 
conversion, therefore I did not include these in the total of formed degradation products 
although these species may still be forming with their concentrations remaining the same 
as they simply degrade rapidly (Figure 5.8b, elution times of 3.9, 4.3, and 12.3).  The 
species I find to elute at 12.3 is in fact present in the initial sample and one that is found 
in the pure BPE reagent used during this experiment.  However, during conversion 
experiments, I do not see its concentration to change and so likewise I did not include this 
species in the total degradation products resulting from conversion. 
 Not only is the conversion of BPE not entirely explained by hydrolysis and 
degradation products formed, but also how its concentration varies with time is not 
indicative of something that follows a simple rate law dependence.  Since BPE is the 
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main reactant, fundamental reaction kinetics would determine that the concentration of 
BPE would decrease with a concave upward curvature or that the reaction rate would 
decrease with time monotonically and in a decaying fashion since the concentration of 
BPE decreases always for a batchwise conversion system.  But the decrease in BPE 
concentration with time, and, therefore, reaction rate, actually accelerates after a certain 
time during the course of the reaction is reached (Figure 5.7a).  This curvature is similar 
to sigmoidal like kinetics where there is a delay in the reaction followed by conversion 
proceeding with approximately the form expected after a certain period of time after the 
reaction starts.40  The cause of this type of kinetic form could be because of either 
simultaneous reactions that interact in a complex fashion or that an activation of 
something involved in the reaction (e.g., catatlyst) is occurring.  Regrettably, I am unable 
to explain at the present these observed long duration dynamics of BPE conversion; 
however, when I look at short enough times (i.e., times less than the time when 5% 
coversion is reached) such a sigmoidal kinetic form is not noticeably present and the 
concentration of BPE decreases rather linearly as is required to apply the method of 
initial rates (MIR).  Therefore, I justify my finding that BPE conversion at short enough 
times most likely follows a simple rate law dependence which is in fact supported by my 
finding of pseudo first order kinetics for BPE conversion by MIR (Figure 5.9).  
Additionally, if there are multiple competing reactions of BPE that occur simultaneously, 
at short times the relative rates and hence reaction selectivity for each will determine 
which reaction the rate law is determined for.  When I look at such a time range for the 
125 °C experiment (0-100 minutes), I find that the yields of phenol and BA still do not 
explain the conversion of BPE as well as either does the observed degradation products 
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indicating that most likely BPE degrading to something I am unable to detect is occurring 
and therefore the kinetics I determine are not mostly for hydrolysis (Figure 5.11).  
Consequently, this indicates that hydrolysis of BPE in 40 mol% BDMIM-Cl in water is 
non-selective. 
 
Figure 5.11.  Magnified views of (a) Figure 5.7b and (b) Figure 5.7c displaying the short 
time and small BPE conversion dynamics. 
 
When I compare the rates I determine by MIR to those that are found by others in 
water, I see that the rate constants are many orders of magnitude larger than the water 
phase hydrolysis rates which can be extrapolated from those reported by others (Figure 
5.10).34  This comparison suggests that BDMIM-Cl appears to promote this selective 
degradation reaction relative to water, where minimal degradation was reported, making 
it significantly more kinetically favorable and hydrolysis less likely. 
5.4.3 Puralox® γ-Alumina Catalyzed Hydrolysis of Benzyl Phenyl Ether in A 40 
mol% 1-butyl-2,3-dimethylimidazolium chloride-Water Mixture.  Conversion of 
BPE is found to be similar when γ-alumina is present than when its conversion is carried 
out in only the 40 mol% BDMIM-Cl-water binary solvent mixture.  Computing the 
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pseudo first order reaction rate from the reaction time data measured for conversion 
experiments carried out with a γ-alumina to BPE ratio of 1:3, I find that these are not 
significantly different from when this solid is absent (Figure 5.12).  This finding 
therefore means that γ-alumina does not appear to play a major role in the hydrolysis of 
BPE and so does not catalyze it, or change the rate at which the undesired side reaction of 
BPE occurs.  Accordingly, this could be because either the γ-alumina used is not a strong 
enough Lewis acid or the IL does not support its catalytic behavior for this reaction.  
Evidence for the latter of these two explanations comes when inspecting the degradation 
product distribution. 
 
Figure 5.12.  Pseudo first order rate constants computed for BPE hydrolysis carried out 
in the presence of a 1:3 mass ratio of Puralox® g-alumina to BPE in 40 mol% BDMIM-
Cl in water binary solvent mixtures, as compared to those rate constants in the absence of 
γ-alumina. 
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When γ-alumina is present, additional degradation products resulting from BPE 
conversion are found in significant quantity.  Analysis of the degradation product 
distribution at both conversion temperatures shows that in the case of 125 °C both long 
and short elution time degradation products (Figure 5.13) are a representative amount of 
the total degradation products (Figure 5.14a) while at the higher temperature of 150 °C 
only three main products are observed to contribute mostly to the total (Figure 5.14b).  
Both the degradation product from BA and the product eluting at 8 minutes which were 
also identified as the primary degradation products in the case of no γ-alumina are indeed 
found to be amongst these three while the third one which elutes at about 3.3 minutes is a 
new product not observed in previous experiments.  Such an elution time for this new 
main degradation product indicates that this species is much lower in molecular weight 
and more hydrophilic in nature.  Also, a new degradation product appears in the IL 
elution range at a time of about 2.3-minutes for the 150 °C experiment whereas this is not 
significantly found for the 125 °C experiment, which could be some form of IL 
degradation.  My rationalization for this change in degradation products as a result of 
alumina being present is that γ-alumina may catalyze other side reactions producing other 
species or produce more of the same species seen in previous experiments which more 
readily occurs at higher temperatures.  If this is in fact true, then the γ-alumina surface 
must not be fully covered with IL cations or at least these do not prevent the unidentified 
species from reaching the surface.  Preferential adsorption of the IL cation onto certain 
crystal facets and these facets having different catalytic activities and affinities to 
chemically convert different compounds could explain why the conversion of BPE is 
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virtually unchanged but the relative amount of degradation products does change.  This 
hypothesis is in fact consistent with that posed in Chapter 4 where elongated particle 
growth of boehmite crystallites implied specific facet coverage probably by the IL cation.  
Therefore, additional confirmation that IL cation adsorption onto the solid surface is 
further suggested in my investigation of catalytic BPE hydrolysis. 
 
 
Figure 5.13.  Representative HPLC chromatographs for BPE conversion in a 40 mol% 
BDMIM-Cl in water mixture taken for the analysis at a time of: (a) 120-minutes at 125 
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°C; (b) a magnified view of (a) to show smaller presence of other species; (c) 120-
minutes at 150 °C; and (d) a magnified view of (c) to show smaller presence of other 
species. 
 
 
 
Figure 5.14.  Degradation product distribution for BPE conversion in a 40 mol% 
BDMIM-Cl-water mixture at: (a) 125 °C; and (b) 150 °C. 
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adsorption of degradation products onto the alumina surface may render this unavailable 
or even inhibited at converting BPE.  If there is no preference for the degradation 
products to adsorb onto any particular surface site and which is similar possibly for BPE, 
then as degradation products are formed the selectivity for BPE conversion will decrease 
and its conversion will deviate from simple interfacial kinetics.  This could contribute to 
the ineffectiveness of γ-alumina at catalyzing BPE. 
 
5.5 CONCLUSIONS 
A 40 mol% BDMIM-Cl in water binary solvent mixture is most optimal to use for 
examining the solution phase hydrolysis of BPE due to the maximal BPE solubility and 
room temperature solution stability, minimal IL and metal oxide solvothermal 
degradation, and because this solvent is liquid with a minimal viscosity.  I find that BPE 
conversion is supported in this solvent mixture at temperatures substantially lower than 
what have been evaluated in water.  However, I find that the conversion of BPE appears 
to be primarily from undesirable non-selective side reactions as opposed to hydrolysis.  
Solvent effects by IL-water mixtures for the hydrolysis of lignocellulose therefore appear 
to enhance its reaction through alternate mechanisms and not hydrolysis.  Consequently, 
IL-water mixtures, although more thermally stable, less solvothermally degradative 
towards certain solid catalysts, and more physically manageable as a solvent than 
anhydrous ILs, may not be ideal to use for lignocellulosic biomass hydrolytic 
depolymerization. 
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Commercially available γ-alumina known as Puralox® TH 100/150 was also used to 
catalyze the hydrolysis of BPE in a 40 mol% BDMIM-Cl in water binary solvent 
mixture.  Conversion of BPE in this same solvent with no γ-alumina is found to be 
kinetically equivalent to that when γ-alumina is present in amounts of 1:3 by mass 
relative to BPE.  I find that γ-alumina appears to only change the degradation product 
distribution whereby more hydrophilic and seemingly smaller molecular mass species are 
found following conversion at high temperatures and a broad range of species at lower 
temperatures.  Such a finding implies that while BPE does not appear to react 
significantly due to the presence of this solid catalyst, and thus on the surface of the γ-
alumina, supporting that possibly IL-cation adsorption passivation covers the metal oxide 
surface, degradation products still can potentially reach the surface and react.  A corollary 
of this implication is that the IL cation does indeed appear to adsorb onto only specific 
surface sites and crystal facets of the γ-alumina surface as was postulated in Chapter 4 
and an explanation for the reason why more elongated recrystallized boehmite alumina 
crystallites were found in IL-water mixtures as compared to those found after treatment 
in water.  Additionally, this could indicates that BPE adsorption is preferential only onto 
similar sites as the IL cation while the degradation products prefer or more easily reach 
the less hindered and covered sites.  Conversely, a lack of increased conversion simply 
could be due to mass transport limitations of BPE in the IL-water solvent mixture.  If 
proven correct, these hypotheses could be used to determine the most appropriate type of 
solid catalyst and active site to use for the hydrolysis of lignin in IL-water mixtures. 
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CHAPTER 6. Conclusions and Continuing Work 
 
 
 
6.1 CONCLUSIONS 
Lignocellulosic biomass is a highly promising inedible resource to synthesize a 
diverse array of chemicals that we rely on such as fuels, polymers, oils and lubricants, 
and even chemicals we can use in our food.  This is because lignocellulose is highly 
abundant, formed through a renewable cycle, and chemically diverse.  Chemical 
transformation of lignocellulosic biomass requires for it to be controllably broken down.  
One such effective method that this can be accomplished is through its solution based 
hydrolysis.  However, lignocellulose is not soluble in very many workable solvents 
rendering hydrolysis inefficient.  Fortunately, the discovery of ionic liquids (ILs) as 
molecular solvents for lignocellulosic biomass potentially provides a more effective 
means to hydrolyze it since many of these are not highly corrosive, volatile, or toxic, and 
since these have widely varying physical and chemical properties.  Even more 
effectively, the use of solid catalysts in IL phase for hydrolyzing lignocellulose allows for 
more efficient isolation and recovery of any catalysts used.  But, there are several issues 
with the use of ILs as solvents for lignocellulose hydrolysis. 
One main issue is that these actually degrade at rather low temperatures rendering 
them risky to use as solvents for reaction media, due to the possibility that degradation 
products can inhibit or alter the hydrolysis mechanism and potentially poison or interfere 
with any catalysts used to promote this reaction, as well as since there is continual solvent 
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loss which can be quite costly in the case of ILs.  Additionally, some solids have been 
found to degrade solvothermally in ILs indicating that catalyst deactivation and loss is 
highly likely. Similarly, many solids, in particular metal oxides, and solids that have been 
used in previous research studies also readily degrade in water suggesting that since 
water must be present as a reactant for lignocellulose hydrolysis the potential for these to 
degrade under hydrolysis conditions could be high even if the majority of the solvent 
phase is composed of IL.  On this same note, for the specific case of lignin, researchers 
have found recently that certain compositional mixtures of ILs and water actually 
enhance its solubility making these more optimal solvents for dissolution and perhaps 
hydrolytic depolymerization media.  However, such an instability of solids under 
hydrolysis conditions and where water is a primary fraction of the solvent media has not 
been evaluated as of yet.  Furthermore, several solids used for the catalytic hydrolysis of 
lignocellulosic biomass have typically been solid Brönsted acids which were shown by 
others to undergo acid deactivation by cation exchange with IL cations making these only 
a source of protons. 
To address these limitations, I presented in Chapter 2 that water has the ability to 
suppress the themal degradation of imidazolium-based ILs offering these binary solvent 
mixtures as potentially better solvent media for hydrolysis of lignocellulosic biomass.  I 
hypothesize that the stability found is due to two different mechanisms which take effect 
in two different composition ranges.  At relatively low compositions and up to about 65 
mol%, I believe the rather low and gradually decreasing amount of degradation with 
decreasing composition observed in this wide range occurs because of IL dilution by 
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water.  While for compositions above 65 mol%, I postulate that the effect of water is 
associated with changing the solvent structure of the IL. 
In Chapters 3 and 4, I demonstrated that the stability of both mesoporous silica I 
synthesize and a commercially available γ-alumina in ILs depends on the amount of 
water present.  These are found to be solvothermally stable in binary imidazolium-water 
solvents when the IL composition is greater than about 25 mol% and up to the anhydrous 
IL composition, but degrade by mechanisms similar to how these degrade in water when 
the composition is less than this critical limit; mesoporous silica degrades by dissolution 
while γ-alumina degrades by recrystallization.  When examining the degradation of these 
solids in these low IL compositional mixtures, I observe behavior that supports IL cation 
participation in the degradation mechanism by adsorption.  Silica dissolution is 
accelerated at low compositions relative to water which appears like an enhancement of 
the interfacial nucleophilicity of water and suppressed at compositions above the critical 
indicating IL cation adsorption passivation.  γ-Alumina restructuring at low IL 
compositions occurs with more elongated platelet like boehmite crystallites being 
formed, suggesting that preferential IL cation adsorption onto a specific crystal facet of 
the alumina leading to partial passivation could be preventing the immediate and 
complete hydration by water of this solid.  Implications of this are that these solids are 
stable in IL-water mixtures with up to 75 mol% water and hence from a stability 
standpoint these are better solvents to use with these solids, however adversely, stability 
arising from adsorption of the IL cations could possibly block the active catalytic sites 
and prevent access by certain reactant molecules. 
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Continuing onto Chapter 5, I determined the optimal IL-water compositional mixture 
to use in the hydrolysis of the lignin model compound benzyl phenyl ether (BPE) and I 
investigated the performance of this solvent as an effective medium to carryout this 
hydrolysis, as well as use γ-alumina as a solid Lewis acid to catalyze this reaction.  I find 
that in these binary solvent mixtures, BPE is selectively degraded to unidentifiable 
species and its hydrolysis is minor.  Hydrolysis and subsequent degradation of the 
product benzyl alcohol is observed to occur but the primary source for the conversion of 
BPE is most likely due to its alternate reaction with either itself or possibly even the IL 
cation.  The use of γ-alumina as a solid Lewis acid catalyst appears to have no effect on 
either the hydrolysis of BPE in these IL-water mixtures or its selective degradation 
observed when it is not present.  This outcome could be due to mass transport limitations 
or that postulated for why this metal oxide solid is stable in IL-water mixtures which is 
that the IL cation adsorbs onto the surface and prevents the access of water to it.  
However, I do see what appears to be a change in the degradation product distribution 
indicating that not all of the surface of γ-alumina is fully covered with IL, that 
preferential adsorption of the IL is possible as well as adsorption of the degradation 
products onto the less covered surface sites could be occurring, and that mass transport 
limitations for degradation products is not significant for if these do react on the surface 
of the γ-alumina.  Alternatively, BPE may not have an affinity to adsorb onto the surface 
of γ-alumina, but rather has a low partition affinity to it from the IL-water solution.   
The major consequences of my findings are therefore that: 
1. Water can be used to thermally protect imidazolium ILs. 
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2. Adsorption of imidazolium cations onto the surface of metal oxides in IL or 
IL-water mixtures occurs, probably through mechanisms different than ion 
exchange, and still deactivates these solids as catalysts. 
3. Imidazolium IL-water mixtures are not suitable solvents to carry out BPE 
hydrolysis, and, consequently, probably also lignocellulose. 
 
6.2 CONTINUING WORK 
6.2.1 General.  Research presently conducted on the solution phase depolymerization 
of lignocellulose in IL solvents with the use of catalysts in either homogeneous or 
heterogeneous form have mainly focused on trying to discover a “silver bullet” IL and 
catalyst, most commonly a solid, which lead to high conversion of lignocellulose and 
give high yield of depolymerization products.  These attempts have tried a vast array of 
many different IL solvents and solid catalysts with not much success so far at finding a 
truly optimal IL or effective solid for this purpose without other issues.  Due to these 
limitations encountered and in order to continue pursuing the conversion of biomass by 
solution based hydrolytic processes, we need to investigate from a more fundamental 
standpoint how best to carry this reaction out.  I think the best starting point for this 
would be to first find the most optimal solvent, a classification which is not only based on 
its ability to generate high concentrations of molecularly dissolved lignocellulosic 
biomass with viable physical properties, but also one that will support and favor this 
reaction and the use of catalysts to drive it.  From my work just presented, I suggest that 
this is the true limitation in being able to efficiently convert lignocellulose, and the major 
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hurdle which we need to overcome.  I believe that I have taken an approach and given a 
perspective on what is a more responsible way to find the appropriate combination of 
solvent and catalyst, but more refinements on what I have done should be made.  In order 
to continue trying to understand how ILs, certain solids, and even lignocellulose behave 
together in this process, and to further follow the path that I have led so far, I suggest this 
list of future investigations for other researchers to pursue and expand upon as follows. 
6.2.2 IL-water Thermal Stablity.  To further understand why the stability of ILs 
when mixed with water at certain compositions occurs, the chemical mechanisms behind 
this stability should be fully elucidated.  Accomplishing this requires firstly that the 
degradation products and therefore degradation reactions are identified.  If degradation of 
the IL occurs by only a few primary reactions, then the effect and role that water plays 
when it is present for each isolated reaction should be examined.  Determining how the 
concentration and presence of water effects each degradation reaction will indicate if this 
is in fact chemically inhibiting or suppressing this reaction, or if it is simply behaving as 
an inert spectator only hindering it/slowing it down due to dilution as I propose for one of 
the composition ranges.  Analytical methods that can be used to do this could include the 
use of a complete and more rigorous HPLC-MS characterization performed than that 
which was utilized in my investigations.  Additionally, coupling either HPLC-MS or 
liquid-liquid extraction of the IL phase dissolved degradation products into a solvent 
immiscible with the IL with the use of 1H, 13C, and 15N-NMR measurements will also 
allow for these to be positively identified and their structures known, from which the 
reaction mechanisms of degradation can be postulated.  Secondly, the solvent structure 
should also be elucidated in these binary IL-water mixtures and be correlated if possible 
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to the thermal degradation behavior observed.  This will support my hypothesis that at a 
binary solvent composition in the BDMIM-Cl-water binary solvent system of about 65 
mol% a change in the solvent structure for some reason leads to a change in the 
degradation mechanisms and an increase in the thermal stability.  Methods such as x-ray 
or neutron scattering could possible be used to determine the solvent structure in these 
binary mixtures.  Additionally, the long term thermal stability (i.e., for weeks or months) 
of IL-water mixtures should be further examined which will indicate if water possibly 
only causes a change in the degradation equilibrium.  Finally, other binary or even 
tertiary solvent mixtures should be tested to see if another solvent or combination of 
solvents besides water can truly suppress IL degradation. 
6.2.3 Solvothermal Stability of Metal Oxides in ILs and IL-water Mixtures.  
Adsorption, by nearly any mechanism, of the IL cation onto the surface of solid catalysts 
may have a drastic consequence on the catalytic activity of these solids.  The catalytic 
nature can be altered or even chemically shielded.  This occurence is what I have 
proposed for why both silica and alumina are stable in IL-water mixtures, and something 
that was indirectly supported for γ-alumina when I examined its behavior as a catalyst for 
hydrolyzing BPE in IL-water mixtures.  For the application of catalysis, and any other 
applications where a change in the surface chemistry of the solid is undesirable, it is 
therefore important to elucidate if IL cation adsorption is occurring and giving rise to its 
solvothermal stability.  A method to do this would be to utilize a chromatagphic based 
process that can be run at high temperatures, where the solid behaving like the stationary 
media in a chromatography column would be brought to equilibrium with a certain IL-
176 
 
water composition flowing at the desired temperature.  Following equilibration, the 
solvent would be switched to one that does not cause significant desorption to remove the 
excess IL from the system hopefully leaving the surface adsorbed IL cation at the same 
coverage as before solvent switching.  A solvent to use to flush out the IL-water mixture 
from the solid and column could perhaps be water or maybe some organic solvent that 
the IL is not very soluble in athough care in switching would have to be done to avoid 
residue of the IL water mixture as well as precipitation of the IL for if antisolvents are 
used.  Then in a stepwise fashion, the solvent phase would again be switched to 
something that will over a period of time remove and therefore elute the IL from the solid 
such as an acetonitrile-water mixture similar to that used in the HPLC protocol I 
followed.  Fluid issuing from the column that the solid was held in would be passed 
through some detector, such as a UV detector, which would measure the presence and 
quantity of the IL eluting from the column.  However, special attention given to the 
analysis would be necessary as a changing solvent composition could artificially change 
the chromatogram and analysis for a dynamic solvent composition would be necessary 
which could be quite complex.  Alternatively, using a method similar to that outlined in 
Chapter 1 and that devised by Katz, A. et al. where IL could be adsorbed onto the surface 
of the solid in a batchwise process and then either or both dynamic scanning calorimetry 
(DSC) and or thermogravimetriic analysis (TGA) could be used to measure the amount of 
IL on the surface of the solid.1  Alternatively, using a spectroscopic method such as UV-
Vis in a high temperature spectroscopy cell could be used to detect changes in the IL 
concentrations in the solvent phase upon adsorption.  However, for high IL 
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concentrations such a method may not be sensitive enough to detect IL adsorption as 
adorpstion quantities may be too low, even for large quantities of solids. 
Furthermore, the stability of solid catalysts in other binary IL-solvent mixtures should 
be explored.  A more optimal solvent mixture other than IL-water for using these as 
catalysts in could be found. 
6.2.4 BPE Hydrolysis in IL-water Mixtures.  The conversion of BPE in IL-water 
mixtures was only partially characterized.  Complete elucidation of how BPE is reacting 
and more precisely to what degree hydrolysis occurs should be carried out.  The kinetics 
of hydrolysis and possibly even the equilibrium are essential to determine, and especially 
these relative to undesired degradation reactions.  Additionally, determining the stability 
of hydrolysis products and performing a full characterization of all degradation products 
and reaction pathways will help clarify whether these solvents are suitable for carrying 
out this reaction and in particular if the IL is reacting with and degrading BPE.  Likewise, 
knowledge of this chemical behavior of BPE in these solvents will provide an insight into 
how larger fractions of lignin and even natural lignin itself will behave and hydrolyze. 
6.2.5 Ability of Solids to Heterogeneously Catalyze Lignocellulosic Biomass 
Hydrolysis.  In order for solids to heterogeneously catalyze lignocellulose in solvent 
media, and specifically in ILs or IL-water mixtures, lignocellulose must have an affinity 
to chemically migrate to the solid-solution interface.  Virtually no research to the best of 
my knowledge has been conducted on this subject.  If lignocellulose will not transport to 
the surface then it will not react heterogeneously.  As a result, the propensity of 
lignocellulose to adsorb from solution in ILs and IL-water mixtures onto solids should be 
examined and determined if there are mass transport limitations that would dictate the 
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rate at which this could then be heterogeneously catalyzed.  Initially it might be 
advantageous to investigate this with smaller fractions such as BPE in the case of lignin 
or cellobiose and slightly larger cellooligomers of cellulose as well as oligomers of 
hemicelluloses since these are much less molecularly complex.  After the most optimal 
solvent-solid system for adsorption is identified, then this evaluation should be extended 
to entire biopolymer chains.  One method to test if this is happening and to what degree 
would be that outlined in Chapter 1 by Katz, A. et al. where they adsorb in a batchwise 
way cellulose fragments that are soluble in concentrated hydrochloric acid solutions onto 
carbon based solids and then use these solids to run a hydrolysis reaction in water 
following which they demonstrate conversion which supports that cellulose adsorption 
occurs.1 
Another focus for how solids fundamentally behave as heterogeneous catalysts in ILs 
and IL-solvent mixtures, should be determining how these solvents can affect the 
catalytic nature, and, in particular, the acid nature of certain sites in solution.  If the 
solvent through interfacial interaction also drastically reduces through shielding or 
changes the nature of the active sites on the catalyst then the reaction may not proceed.  
From this, a framework for identifying the best type of catalyst and acid site to use for 
adsorbing and catalytically hydrolyzing lignocellulose could be devised in addition to 
generating a list of various different solids that are promising to use in this fashion.  
Subsequently, the performance of these solids for hydrolyzing larger fractions of the 
biopolymers in lignocellulosic biomass or even the entire polymer chains themselves 
could then be evaluated. 
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6.3 OTHER CONSIDERATIONS 
6.3.1 Other Binary Solvents.  My finding that water can sufficiently reduce thermal 
IL degradation is a very promising strategy which can be utilized to improve the thermal 
stability of ILs even further.  The thermal stability of ILs could be futher enhanced with 
the use of other solvents besides water which may truly inhibit the degradation 
mechanisms that occur.  Testing solvents for such a capability would in fact be quite 
easy.  However, which solvents to start with and which to ultimately test in an efficient 
manner can only be determined after the degradation mechanisms are elucidated and 
characterized as suggested in Section 6.1.  As also alluded, such an investigation should 
be simultaneously carried out while evaluating the solvothermal stability and effect on 
the catalytic nature and activity of various solids in these solvent mixtures so that a fully 
optimized solvent-solid catalyst-hydrolysis system can be realized. 
6.3.2 Other Types of Lignocellulose Depolymerization.  Hydrolysis of 
lignocellulose is a form of depolymerization that leads to minimal change or loss in the 
functionality of substituent groups contained in each biopolymer.  Some researchers 
disagree with this2 for some of the biopolymers, but nevertheless it is an effective means 
for depolymerizing lignocellulose without degradation.  But alternate reaction pathways 
based on oxidative and reductive processes can also be used to efficiently depolymerize 
lignocellulose as well.2,3  The selection of one pathway over the other depends on the 
target chemical platform desired to synthesize.  For example, partial oxidation and 
oxidative depolymerization tends to yield carboxy substituted saccharides and phenyl 
alcohols while reductive based processes tend to lead to deoxygenated fragments, and so 
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if it is desired to synthesize something like Nylon® or polyester then the oxidative 
process could be preferable, whereas if a low oxygen containing fuel precursor is desired 
reductive depolymerization would probably be best.  It would be interesting to explore 
depolymerization by these other mechanisms in binary IL-solvent mixtures to evaluate 
the effectiveness of these solvents for these other processes.  Potentially in the case of 
oxidative depolymerization, water might actually cause an increased oxidative 
degradation of the IL as what appeared to occur in my solvent mixtures possibly leading 
to a reduced oxidation of lignocellulose.  But other co-solvents could in fact be found to 
enhance these pathways and maybe some more than others.  Yet a similar process that I 
describe should be followed to determine initially the thermal stability of the solvent 
under these reaction conditions as well as catalysts utilized. 
6.3.3 Product Recovery and Separation from Ionic Liquids and Binary Ionic 
Liquid-Solvent Mixtures.  Another big limitation not already discussed or addressed in 
this account of my work with using ILs as solvents for the depolymerization of 
lignocellulose is that the separation and recovery of the formed products is not trivial.4-7  
This stems from the fact that ILs have very low volatility and these tend to be usually 
even better solvents for the smaller biopolymer fragements.8  State of the art methods 
used to remove the products of hydrolysis from anhydrous IL phases include liquid-liquid 
extraction, heterogeneous adsorption, and antisolvent precipitation.  However, much 
improvement in these methods still needs to occur before using such solvents and 
conversion schemes becomes practical.  Application of the state of the art methods to 
separating products directly from IL-water mixtures is something that should be 
examined.  Two alternative processes that should be considered as well rely on the 
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indirect separation of products from these mixtures by either evaporating water and 
drying the IL phase upon which the current methods could be applied to extract the 
products from anhydrous IL, or these can be diluted substantially with water and the IL 
and products removed sequentially by other known processes used for removal of 
saccharides or aryl alcohols from water.4-7,9  Both of these alternative processes may in 
fact be more costly although as removal of water and its subsequent addition to 
regenerate the desired solvent quality in either case will be energy intensive.  Although, 
one relatively new such scheme that could be beneficial for both catalysis coupled with 
simultaneous separations is the use of aqueous biphasic systems of IL-water-salt solution 
systems which will readily stratify into two aqueous salt solutions one being rich in the 
IL where lignocellulose conversion could be carried out while the other is rich in the 
other salt which could facilitate separation of the reaction products through solvent phase 
transfer.10 
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APPENDIX A. Avoiding Cracks in Nanoparticle Films 
Adapted with permission from Prosser, J. H.; Brugarolas, T.; Lee, S.; Nolte, A. J.; Lee., D. Avoiding 
Cracks in Nanoparticle Films. Nano Lett. 2012, 12, 5287-5291. DOI: 10.1021/nl302555k.  Copyright 2012 
American Chemical Society. 
A.1 INTRODUCTION 
Thin films composed of nanoparticles (NPs) exhibit functionalities useful for 
applications such as energy conversion and storage, drug delivery, and biosensing.1−9  
Often these functionalities only emerge when the films are free of defects such as 
cracks.10  Cracks develop during the film formation mechanism because the normal stress 
imposed by the solvent through interfacial tension induces a transverse tensile stress in 
the plane of the film that exceeds the strength of the close-packed network of substrate-
bound particles.11,12  The tensile stress at the onset of cracking has been demonstrated to 
depend on the film thickness, particle shear modulus, particle packing configuration, and 
the liquid−air interfacial tension.13  For a given particle type, solvent, and film 
compaction mechanism, cracking is therefore observed above a critical film thickness.14 
Techniques studied to avoid cracking of drying colloidal films target the three distinct 
elements of the film forming process:15 (1) adjusting the suspension chemistry; (2) 
manipulating the drying mechanism; or (3) customizing the substrate properties.  Altering 
the suspension chemistry leads to an increase in the strength of the film and is usually 
accomplished by adding polymeric binders,16,17 plasticizers,17 surfactants,18,19 sol−gel 
precursors,20−22 or by forming particle flocculations14,16,17,19 within the suspension.  
Manipulating the drying mechanism by humid23 or supercritical24 drying methods reduces 
the stress imposed on the colloidal network from the solvent−gas interfacial tension.  
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Tailoring the mechanical properties of the substrate by using deformable25 or specially 
surface-patterned substrates26 or by changing the substrate−film interface to induce 
particle-substrate slip25,27,28 relieves the stress imposed by the solvent−air interface on the 
drying colloidal arrangement.  Each of these methods have been well demonstrated to 
produce films having thicknesses several times that of the critical cracking thickness for a 
given particle and solvent type.  However, these methods complicate the film fabrication 
and potentially lead to a loss of their functionalities.  It is therefore advantageous to 
develop a method that enables the formation of crack-free colloidal films without 
introducing additional complexity that may detrimentally affect the film properties. 
In this work, I describe a simple method for fabricating thick, crack-free silica 
nanoparticle films (NPFs) by subsequent deposition of thin, crack-free silica NP 
multilayers that to the best of my knowledge has yet to be reported.  Film thicknesses to 
which these were constructed exceeded the theoretically predicted13,14 and experimentally 
measured critical cracking thicknesses (CCTs) for single-coated films (SCFs)29.  These 
results suggest that crack-free NP multilayers behave like macroscopically homogeneous 
rigid substrates. 
 
A.2 EXPERIMENTAL 
Spherical silica NPs with nominal diameters of 7, 12, and 22 nm were deposited onto 
glass substrates by spin coating to produce uniform silica NPFs (see Supporting 
Information).  Spin coating was selected as the deposition method because multiple 
particle layers of the same particle type can be assembled within a single application in 
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considerably less time than other methods such as dip coating and alternate charge 
adsorption assembly (a.k.a., layer-by-layer (LbL) assembly).30 
 
A.3 RESULTS AND DISCUSSION 
A.3.1 Nanoparticle Film Solvent Stability and Multicoating.  Silica NPFs are 
resistant to disassembly by the solvent from which they are prepared.  This film stability 
to solvent degradation is confirmed by comparing the thicknesses of silica NPFs 
assembled on glass substrates before and after these have been submerged in deionized 
water (Figure A1a and Appendix B.1 Figure B.2.1).  Such a solvent resistance is 
drastically different from spin-coated films of polymers that can rapidly undergo swelling 
and dissolution upon exposure to the solvent used to form the solution depending on the 
codissolution kinetics.31  One possible physical explanation for why these silica NPFs 
remain precipitated is that the van der Waals attractions between the NPs in the network 
and the substrate are larger than the combined solvation and electricdouble layer 
repulsive interactions established upon rehydration.32  Additionally, the potential 
formation of chemical bonds between neighboring silica NPs and the substrate would 
also render the films resistant to disintegration by the solvent.  Other researchers have 
demonstrated that time-dependent surface group condensation between silica surfaces 
occurs in air and that this reaction is catalyzed by water in either vapor or liquid 
form.33−36 
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Figure A1.  (a) Solvent resistance data for 22 nm nanoparticle films (NPFs) formed from 
nominal suspension concentrations of 5%, 10%, 20%, and 30% by wt. silica for a 
rotational rate of 2000 RPM deposited on glass substrates.  Films were submerged for 5-
minutes in deionized water with a measured pH initially of 6.46 at 25.0 °C; (b) Thickness 
growth data for a 22 nm nanoparticle multicoated film (MCF) formed from a nominal 
suspension concentration of 6 wt.% silica at a rotational rate of 2000 RPM deposited on a 
glass substrate.  Subsequent coatings were performed with about a 20-minute time 
duration between each.  Measured pH of suspension was 9.65 at 23.4 °C. 
 
Stability of silica NPFs against disassembly in water strongly suggests that sequential 
deposition of silica NP layers is possible and that this could be used to produce thick 
silica NPFs.  The ability to generate thick silica NPFs by subsequent spin-coating 
depositions is demonstrated for a 6 wt % suspension of 22 nm diameter silica NPs 
(Figure A1b).  Thickness of the silica NPF is seen to increase linearly with the number of 
deposited layers (Figure A1b), indicating that NP layers can in fact be stacked in 
succession to produce thicker films.  Similar behavior was observed for all other particle 
sizes and types used in this work (see Appendix B.2).  Although such a thickness growth 
trend is observed analogously during LbL assembly, the layer deposition mechanism in 
LbL assembly relies on electrostatic attraction between oppositely charged species, 
whereas the multicoating deposition method presented in this work does not require two 
oppositely charged materials.37,38 
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A.3.2 Crack-Free Nanoparticle Films by Multicoating.  Remarkably, the ability to 
stack multiple layers of silica NPs allowed for the fabrication of crack-free films with 
thicknesses greater than the CCT observed for SCFs.39  For example, when a silica NPF 
of approximately 500 nm in thickness is formed by a single spin-coating application, the 
resulting film forms with a fully interconnected crack network (Figure A2a).  In contrast, 
a crack-free film of a similar final thickness can be produced by consecutively depositing 
35 nm thick silica NP coatings 14 times (Figure A2b). 
 
Figure A2.  Optical microscope images of 22 nm silica nanoparticle films (NPFs) formed 
at a rotational rate of 2000 RPM and deposited on glass substrates: (a) 480 nm single 
coated film (SCF) generated from a nominal suspension concentration of 22.5 wt.% silica 
– image displays a fully interconnected crack network in the final film; (b) 494 nm 
multicoated film (MCF) consisting of 14-total coatings deposited consecutively from a 2 
wt.% silica suspension each with a nominal thickness of 35 nm.  Subsequent coatings 
were performed with about a 20-minute time duration between each – image displays a 
crack-free film. 
 
Even more surprising than the ability to generate crack-free films by multicoating is 
that thicker crack-free films can be formed from thinner crack-free coatings.  As the 
thickness of the deposition layer is decreased, the final thickness at which cracks are 
observed in multicoated films (MCFs)29,39 increases (Figure A3).  For a given coating 
thickness, thicker crack-free films were formed with larger NPs (Figure A3) likely due to 
a smaller capillary stress imposed during the drying process.14,40  These results emphasize 
that the thickness of the deposition layer and particle size are important control 
a 10 µm b 10 µm 
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parameters for optimizing the assembly of thick crack-free films.  While thicknesses 
should be kept as small as possible to construct thick crack-free NPFs, reducing the 
deposition thickness will require more depositions, which in turn consumes more time 
and material in fabricating the desired thick crack-free film. 
 
Figure A3.  Final cracking thicknesses observed for multicoated films (MCFs) of silica 
nanoparticles having diameters of 7 nm, 12 nm, and 22 nm for a rotational rate of 2000 
RPM deposited on glass substrates versus the average crack-free coating thicknesses. 
Light grey band represents the experimentally observed critical cracking thickness (CCT) 
region of about 240 nm to 320 nm for all three particle sizes. Subsequent coatings were 
performed with about a 20-minute time duration between each. 
 
A.3.3 Hypothesis for Increased Cracking Resistance of Multicoated Nanoparticle 
Films.  Since a NPF is a distributed solid network, the resistance against fracture of this 
network during formation must be dictated by the interactions between the neighboring 
NPs.  I therefore hypothesize that an observed increase in the thickness at which cracking 
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occurs is explained by an increase in the attractive interparticle interactions if the 
distribution of stress imposed by the solvent is the same in a SCF and MCF, and the fluid 
transport within the preformed porous layers of the MCF plays little role in the film 
formation or cracking mechanisms.  Others have explained similar behavior observed 
with increasing film resistance to cracking when comparing films formed from 
flocculated particle suspensions to those constructed from fully suspended colloids by a 
larger attractive van der Waals interaction between the more densely compacted films 
formed from homogeneously dispersed suspensions.16  Although the van der Waals 
interaction between silica NPs likely plays a role in determining the final mechanical 
strength of the MCFs formed in my experiments just as it does for the SCFs, I believe 
that time-dependent covalent bond formation between the surfaces of neighboring silica 
NPs is what predominantly provides an increased resistance to cracking as compared to 
SCFs.33−36 
To further establish that the apparent increased film stiffness was due to a stronger 
interparticle cohesion and not due to smaller stresses or an effect imposed by a difference 
in the fluid transport processes in the MCFs, I compared the crack propagation resulting 
in a SCF of a given thickness and NP size to a double-layered, laminated MCF of 
approximately the same total thickness fabricated from the same size NPs.  The laminated 
MCF was formed with a bottom layer constructed by the multicoating technique to 
produce an initially crack-free MCF deposited on glass with a thickness greater than the 
CCT.  No apparent interfaces, and therefore structural transitions, between the coatings in 
the bottom layer were observed by SEM (Figure A4a).  There is, however, an observed 
difference between the optical properties of a SCF and a MCF of nearly equal thicknesses 
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suggesting that there is possibly a small difference in the overall, bulk structure of these 
two types of films, and specifically that MCFs have a slightly less dense particle packing 
arrangement (see Appendix B.2).  A SCF of approximately equal thickness was 
subsequently deposited on-top of the crack-free MCF to form the final laminated film.  
Cracks in such a laminated film were observed to propagate through the top SCF layer 
down approximately to the pseudo interface between the SCF and crack-free MCF 
laminated layers (Figure A4a).  In contrast, the crack propagation for a SCF of about the 
same overall thickness as the laminated film is completely through its thickness (Figure 
A4b).  Additionally, cracks in the top layer of the laminated film form similarly as if this 
layer were deposited directly onto the glass substrate itself since the crack propagation 
penetrates its thickness and the domains form with similar geometry and lateral 
dimension (see Appendix B.2 Figure B.2.2).  Consequently, this behavior has three 
implications.  First, the stress distribution within the laminated film should be similar to 
that in a SCF of equal thickness as the top laminated film layer. Second, the capillary 
stress imposed by the receding air−solvent menisci is not relieved by slipping of the 
compacted nanoparticle suspension over the surface of the pre-existing layers due to the 
presence of significant layer interfaces.  This is not surprising since the nanoscale texture 
of the preformed layer likely prevents slippage from occurring at this boundary.  Finally, 
this result strongly suggests that the fluid transport within the preexisting, initially 
deposited porous layers has little influence on the MCF formation and cracking 
mechanisms.  This can be expected since the void volume in these layers is negligible 
relative to the suspension aliquot dispensed onto the preformed layers, and therefore 
solvent absorption within these preexisting porous layers should not lead to a change in 
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the suspension concentration.  Also, the fluid flow through the network is expected to be 
low and unlikely to have significant influence on the transport of fluid during the MCF 
formation process due to the nanoscale pore size.  In fact, even if the particle diameter, 
and hence pore size, is an order of magnitude (10×) larger, monotonic film growth of 
MCFs formed from these larger particles (250 nm) is still observed (see Appendix B.2).  
Therefore, I believe that the increased cracking resistance of MCFs is due to an increase 
in their fracture strength and that this strength enhancement is attributed to covalent bond 
formation between the surfaces of the nanoparticles composing the MCF.  The 
significance of this result is that MCFs, even though porous and capable of absorbing the 
solvent, behave similarly to nonabsorbing, rigid substrates. 
 
Figure A4.  Field emission-environmental scanning electron microscopy (FE-ESEM) 
images of laminated and single coated films (SCFs) of 22 nm silica nanoparticles formed 
at a rotational rate of 2000 RPM and deposited on glass: (a) Double-layered, laminated 
film having a 380 nm crack-free, bottom multicoated film (MCF) composed of 7-coatings 
deposited from a nominal suspension concentration of 4.0 wt.% silica (subsequent 
coatings were performed with about a 20-minute time duration between each), with a 395 
nm SCF deposited from a nominal suspension concentration of 18.5 wt.% silica on top 
(deposition of top SCF layer was performed after bottom MCF was subjected to 
approximately a weeklong curing time); (b) 777 nm SCF assembled from a nominal 
suspension concentration of 27.0 wt.% silica. 
 
A.3.4 Application of Multicoating for the Fabrication of Thick, Crack-Free 
Nanoparticle Bragg Reflectors.  I demonstrate the utility of this multicoating method by 
fabricating highly reflective, one-dimensional NP Bragg reflectors that exhibit structural 
500 nm b a 500 nm 
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color.  One-dimensional Bragg reflectors consist of alternating layers of high and low 
refractive index materials.  By tuning the thicknesses of each layer, it is possible to 
precisely control the location of the reflectance band within the visible light region which 
gives structural colors. 
Such a discretely graded refractive index structure is commonly generated by an 
evaporation method or a solution based, colloidal suspension, self-assembly deposition 
method.41,42  Use of the evaporation method generally requires the use of special 
equipment to maintain rather harsh deposition conditions such as high-vacuum and high-
substrate temperatures, rendering this technique potentially expensive and not suitable for 
use with creating Bragg reflectors on thermally labile substrates.  The solution-based 
deposition method is typically carried out at laboratory conditions without the use of 
expensive equipment; it avoids severe environments during the film assembly and creates 
particle structures that have a similar optical performance as the bulk composite films 
fabricated by the evaporation method.  Additionally, particle Bragg reflectors inherently 
have porosity that gives these films added functionality and use in chemical sensing, 
whereas most evaporated Bragg reflectors are typically nonporous, limiting their 
functionality.43  Previous work using the solution-based method to generate Bragg 
reflectors, however, showed that it is critical to thermally treat the structure after the 
deposition of each layer to prevent film cracking or delamination, making the process 
time-consuming and cumbersome and still not practical to use with readily heat 
degradable substrates.30,44−46  In contrast, my multicoating method eliminates the 
calcination steps that allows for Bragg reflectors having similar functionality such as 
vapor sensing (see Appendix B.2) to be constructed more readily. 
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By depositing thin layers of titania and silica NPs, crack-free NP Bragg reflectors are 
fabricated simply with spin coating.  The transmittance minimum can be manipulated by 
changing the number of titania and silica layers (Figure A5).  The multicoating assembly 
protocol is a straightforward deposition technique that allows for the application of a 
larger number of Bragg layers without extraneous processing such as Bragg layer 
calcinations before the development of cracks results, even for composite NPFs since the 
crack-free films behave like substrates. 
 
Figure A5.  Measured transmittance spectra at normal incidence of nanoparticle Bragg 
reflectors having 5, 7, and 9-total alternating 7 nm titania and 7 nm silica nanoparticle 
layers on glass substrates with a target peak reflectance occurring at 500 nm.  
Transmittance reported is the baseline corrected transmittance of the film measured in the 
center relative to a blank glass slide.  Inset cross-sectional FE-ESEM image is of the 9-
layer Bragg reflector deposited on a silicon wafer. 
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A.4 CONCLUSIONS 
Crack-free nanoparticle films having thicknesses greater than the critical cracking 
thicknesses are generated by sequential deposition of multiple thin, crack-free layers.  I 
believe that chemical bond formation between neighboring silica nanoparticles increases 
the strength of the particle network that allows for thicknesses exceeding the critical 
cracking thickness to be achieved.  An additional consequence of this result is that crack-
free films behave as rigid substrates.  The versatility of this simple method in generating 
functional structures is demonstrated through the assembly of crack-free nanoparticle 
Bragg reflectors.  I believe that the method presented in this work is simple enough to be 
used in practical settings to enable the deposition of thick crack-free NPFs, even on 
thermally labile surfaces, for a variety of other applications such as energy conversion 
and storage devices, and flexible displays.  Future research related to this fabrication 
method should investigate in detail the effect that the substrate and particle surface 
chemistries have on the crack-free assembly of nanoparticle films along with what effects 
the processing conditions (i.e., time interval between coatings and humidity of air) and 
the deposition technique (e.g., spin versus dip coating) have on this process. 
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APPENDIX B. Supporting Data and Information 
B.1 SUPPORTING INFORMATION FOR IONOTHERMAL 
STABILITY OF MESOPOROUS SILICA 
Adapted with permission from Prosser, J. H.; Lee., D. Ionothermal Stability of Mesoporous Silica Films. 
Ind. Eng. Chem. Res. 2015, 54, 957-967. DOI: 10.1021/ie5041308.  Copyright 2015 American Chemical 
Society. 
B.1.1 Experimental Details.  Mesoporous Silica Films (MSFs) having approximately 
cage-like, three-dimensionally interconnected pores of a nominal diameter of 8-10 nm 
and arranged nearly cubic to hexagonally were fabricated using methods developed by 
others.1,2  In brief, two-film precursor solutions were generated: (1) a silica sol-gel 
synthesis submixture (SGS); and (2) a surfactant templating submixture (STS).  The SGS 
was made by combining in a 100 mL glass Pyrex bottle with Teflon coated magnetic 
stirrer, 4.37 mL of deionized water produced from a Diamond RO/Nanopure water 
purification system with a resistivity of less than 18.2 mΩ·cm, 0.046 mL of concentrated 
hydrochloric acid (HCl) obtained from Fisher-Scientific (HCl conc. of about 12M HCl in 
Water), 4.314 mL of 200 proof ethanol (EtOH) also obtained from Fisher Scientific, and 
5.933 mL of tetraethylorthosilicate (TEOS, ~100.0% purity) from Sigma-Aldrich 
sequentially to give a final approximate submixture ingredient molar ratios of 1 : 0.0 : 9.2 
: 0.021 : 4 of TEOS : P-F127 : H2O : HCl : EtOH. Initial mixing of the SGS was 
accomplished simply by swirling the bottle with contents for about 1 minute.  Subsequent 
stirring at 1500 RPM and heating to 75°C in an oil bath for 1-hour using an IKA RCT 
basic IKAMAG integrated, variable temperature-speed hot plate-magnetic stirrer 
outfitted with an IKA PT-1000 remote, integral thermocouple-controller of the SGS was 
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performed to facilitate high temperature hydrolysis of the TEOS silica precursor 
contained in the SGS.  Simultaneously, the STS was prepared by dissolving 1.46 g of 
Pluronic F127 (PEO106PPO70PEO106) triblock copolymer (1.14x10-4 mol) purchased 
from BASF in 36 mL of 200 proof EtOH (0.8868 mol) in a 50 mL plastic 
(polypropylene) centrifuge tube.  Dissolution of the P-F127 was induced with mixing by 
inversion of the centrifuge tube of 50 times followed by vigorous shaking for 
approximately 1-minute with still further mixing using a Fisher Scientific analog 
controlled variable speed vortex mixer at a speed setting of 10 also for about 1 minute.  
Complete dissolution of P-F127 was accomplished using ultrasonication in a 9.5 L 
Fisher-Scientific FS-110D ultrasonicating water bath for 20-40 minutes of additional 
time.  Upon completion of the high temperature hydrolysis of the SGS, this was removed 
from the hot oil bath and allowed to cool to room temperature without further stirring.  
Approximately 35.3 mL of the STS was dispensed into the glass Pyrex bottle containing 
the SGS after this cooled to room temperature giving a total molar ratio of the SGS : STS 
of 1 : 2.53.  The final sol-gel mixture was stirred magnetically at 1500 RPM for 2-hours 
at room temperature to ensure complete mixing of the SGS and STS and partial 
condensation and aging of the hydrolyzed silica sol-gel precursors.  For these two 
submixtures made and the amounts these were combined in, component final sol-gel 
mixture molar ratios correspond to 1 : 4.7x10-3 : 9.2 : 0.021 : 40 for TEOS : P-F127 : 
H2O : HCl : EtOH. MSFs were then cast onto single-polish sided silicon wafers bought 
from University Wafer by dip coating at room temperature into ambient lab atmosphere 
using a dip withdrawal rate of 100 mm/min.  Silicon wafers were first cleaned using a 
basic piranha solution treatment (basic piranha solution composed of 5 : 1 : 1 volume 
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ratios of deionized water, certified 25% by mol. ammonium hydroxide obtained from 
Fisher Scientific, and certified 30% by mol. hydrogen peroxide also obtained from Fisher 
Scientific; wafer pieces treated in this solution at 75 °C for 15 minutes and rinsed with 
deionized water and then acetone for about 10s each, and then dried with flowing 
nitrogen gas 99.99% purity purchased from AirGas) and then ultimately cleaned in a 
Harrick Plasma basic oxygen plasma cleaner with PlasmaFlo distribution and metering 
unit for about 5 minutes to ensure both organics deposited on the surface were removed 
and that the surface was as hydroxylated as possible for film siloxane bonding.  Dip 
coating was accomplished using the goniometer of an Attension Theta tensiometer in 
ambient lab air conditions.  Dip coat deposited MSFs were allowed to age at room 
temperature overnight (~18-hours) in covered polystyrene Petri dishes at laboratory 
conditions after which point the triblock copolymer template was extracted and film 
structure stabilized by subjecting these to a high temperature treatment/calcination 
process.  The calcination process followed, involved heating the MSFs in a Fisher 
Scientific lab scale, atmospheric, electric furnace outfitted with a EuroTherm 3216 digital 
PID programmable logic controller having an automatic temperature ramp control 
capability to 200 °C at a heat-up rate of less than 1°C/min, holding the achieved 200 °C 
temperature for about 2-hours for elevated temperature MSF structure stabilization, 
heating to 450 °C at a heat-up rate of less than 1°C/min, holding the achieved 450 °C 
temperature for about 4-hours for high temperature treatment/calcination and structure 
stabilization, and finally cooling to room temperature at a cool down rate of less than 1 
°C/min.  Thermal treatment, as opposed to solvent (water) washing, was selected as the 
method for template extraction because of the known instability of silica in water even at 
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room temperature3,4 and that this work was pertaining to the evaluation of the 
solvothermal stability and compatibility of MSFs in various solvents; introducing the 
MSFs used in this analysis to other solvents anytime after fabrication and before final 
characterization could potentially bias the outcome of the analysis.  Additionally, thermal 
removal of the porogenating materials allows for the silica film matrix to be further cross-
linked and stabilized as a result of high temperature silanol condensation. 
Film thicknesses and refractive indices were measured before and after calcination to 
confirm porogen extraction (as seen from a decrease in the bulk-film refractive index) 
and observe any morphological changes that may have resulted from structure 
destabilization during thermal treatment (See Section B.1.8 for template extraction impact 
on MSF properties).  All film thickness measurements reported in this work were made 
using a J.A. Woolam α-SE fixed incidence angle, multiwavelngth spectroscopic 
ellipsometer (SE) with the source incidence and detection angles set at 70° relative to 
normal incidence and an irradiation wavelength range of 380-900 nm.  Spectrum fitting 
was done with a Cauchy film and silicon substrate with a native silicon oxide layer model 
for all films over the entire irradiation wavelength range.  When necessary, film 
thicknesses were confirmed by cross-sectional SEM.  All thickness measurements given 
are those obtained from SE and are single point measurements taken near the center of 
each film piece. 
Solvothermal treatments were conducted on film pieces having sizes in the range of 
2-5 mm in width by 7-15 mm in length with the average size being about 3 mm x 11 mm 
that were scorecracked and cut to these sizes from larger pieces generated during the dip 
coating film deposition process.  Film pieces were submerged within about 3 g of the 
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respective solvent required to conduct each treatment dispensed in quantities by mass 
measured with a Denver Instrument Timberline TP-1502 precision balance, which 
provided about 15-times in excess the amount of water required to dissolve a 1 cm x 1 cm 
x 100 nm dense silica film at room temperature, and hence, most likely a couple of orders 
of magnitude more than that required at the elevated temperatures the solvothermal 
treatments were conducted at.3,4  All solvothermal treatment mixtures (i.e., film pieces 
and solvent mixture) were directly contained within polytetrafluoroethylene (PTFE) acid 
digestion liners with amenable PTFE lids obtained from Parr Instrument Co. (Parr Item#: 
A280AC2) having a nominal internal volumetric capacity of 45 mL (See Appendix B.3 
for the quantity of water required to saturate the PTFE liner volume upon heating with 
subsequent water evaporation and initial versus actual solvent composition for the HITT 
binary IL-Water solvent mixtures).  PTFE was selected as the material to use for the 
container directly containing/contacting the solvent as this was expected to be chemically 
impervious with all solvents used in this work.5,6  For all hydrothermal treatments (HTTs) 
and hydrionothermal treatments (HITTs), PTFE liners were placed inside a 
corresponding acid digestion vessel (Parr Item#: 4744) to ensure evaporated water 
remained contained, while all ionothermal treatments (ITTs) were conducted within only 
the PTFE liners not installed within an acid digestion vessel, and hence, were not sealed 
from the heating enclosure environment.  Heating of the treatment mixture was 
accomplished by placing the treatment mixture container (PTFE liner or completely 
assembled acid digestion system) into a Fisher Isotemp vacuum oven (Model#: 281A) 
which controlled the enclosure temperature to within ±2 °C as reported by the internally 
contained enclosure temperature indicator for all temperatures tested.  All IL mass 
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quantities were dispensed by mass within an inertly maintained positive pressure glove 
box directly into the PTFE liner, and sealed at the lid-cup seam with parafilm to prevent 
air ingress and subsequent water absorption by the hygroscopic ILs used in this work 
when transporting the liner outside of the glove box.7,8  Before placing the PTFE liners 
either directly into the vacuum oven or within an acid digestion vessel to perform the 
specific treatment experiments, the parafilm sealing strips were removed.  HITT mixtures 
were prepared in an identical fashion with the correct amount of IL to yield the proper 
molar composition in the final mixture and to give a total solvent mixture mass of 3 g.  
Before placing the PTFE liners into the acid digestion bodies, the cup lids were removed 
and the appropriate amount of deionized water was added in open air at lab conditions to 
produce a 3 g solvent mixture having the desired IL composition.  This is even despite 
there being a small quantity of water that would be absorbed from the surrounding air 
that the IL was introduced to after removing the parafilm sealing strips and lid.  
Following the elapsed treatment duration, treatment containers were removed from the 
vacuum oven and quenched in ice for 15 minutes to adequately cool and significantly 
decrease the effects of the solvent on the film pieces.  Once sufficiently cooled to near 
room temperature, all treatment mixtures were further quenched by mixing with about 15 
g of deionized water (5 times the mass of the treatment solvent used for each 
experiment), swirled for about 1 minute, and allowed to sit at ambient lab conditions for 
about 30 minutes in the capped PTFE liner to allow for adequate dissolution of the 
solvent used for the particular treatment due to the viscous nature and low diffusive 
dissolution rate of the ILs at room temperature into liquid water.  The diluted solvent 
mixture was decanted and saved for chemical analysis, and the film piece was removed 
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from the PTFE liner and rinsed with deionized water for about 15 seconds prior to 
washing in about 150 mL of stagnant deionized water (approximately 50 times the mass 
of the treatment solvent used for each experiment and 10 times the mass of dilution water 
added to quench further the treatment solvent mixtures) for 30 minutes.  Two additional 
water washes were performed following the same procedure where the film piece was 
removed from the previous deionized water-wash bath, rinsed for about 15 seconds with 
flowing deionized water, and then resubmerged in about 150 mL of fresh deionized water 
for about 30 minutes.  After complete water washing, film pieces were rinsed one final 
time with flowing deionized water for about 15 seconds and dried using flowing nitrogen 
of the same purity given above, and then finally stored within polystyrene-petri dishes 
until the post-solvothermal treatment characterizations for each could be performed.  All 
deionized water used during water washing was an equivalent quality to that described 
above for MSF fabrication. 
Field emission-environmental scanning electron microscopy (FE-ESEM) images 
were captured using a FEI-600 Quanta high vacuum, FE-ESEM with a peripheral-lens 
EvanhardtThornley secondary electron detector.  Samples were sputter coated with a 
Quorum plasma generating coater with an iridium (Ir) conductive layer to prevent 
significant charging and for capturing optimal image resolution.  Approximate 
thicknesses of sputter coated Ir layers are about 2-4 nm.  Only when required, thickness 
measurements made using SE were confirmed from those obtained by cross-sectional FE-
ESEM imaging.  Cross-sectional FE-ESEM imaging was accomplished by score-cracking 
the silicon substrates with deposited film in place so that the interior of the film cross-
section could be imaged.  Images presented in Figures 3.1a and 3.3a of Chapter 3 were 
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captured at an axis tilt of 0° relative to normal and an accelerating voltage of 20 kV and 
30 kV, respectively.  Working distances were 5.0 mm and 5.1 mm for Figures 3.1a and 
3.3a taken at magnifications of 125,163x and 125,000x, respectively. 
Field emission-scanning transmission electron microscopy (FE-STEM) images were 
captured using a JEOL-7500F high vacuum, high resolution FE-SEM with a transmitted 
electron detector. STEM images of all film pieces were obtained after standard scanning 
electron microscopy (SEM) imaging and by scrape detachment of the film from the 
silicon substrate using a standard straight scalpel blade, collecting the fragmented and 
released film pieces using a 5 µL deionized water drop suspended from a micropipette 
tip, and dispensing this film fragment-water drop suspension onto a 200 mesh 
transmission electron microscopy (TEM) copper support grid having solely an adhesive 
carbon layer on one side supplied by Ted Pella, Inc.  Film-fragment suspension drop was 
allowed to dry in open air at lab conditions completely while supported on the TEM grid 
so that the contained film fragments would be deposited onto the carbon support layers 
and in-between the copper grid bars and thereby allow for transmission imaging.  Images 
presented in Figures 3.1b and 3.3b of Chapter 3 were captured at an accelerating voltage 
of 30 kV, an emission current of 20 µA, and a probe current of 3.0 nA.  Working 
distances were 4.7 mm and 4.8 mm for Figures 1b and 3b taken at magnifications of 
95,000x for both, respectively. 
X-ray scattering was performed using a Rigaku SmartLab high resolution intelligent 
x-ray diffraction system to examine the film pore structure and structural evolution 
following solvothermal treatments.  All measurements made were done using the 
reflectance mode of the small angle x-ray scattering (SAXS) method for this instrument 
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and since films were deposited onto silicon wafer pieces with the source angle offset 
manually adjusted to 0.13º for optimal film grazing and penetration, a detector step size 
of 0.02º from 0.01º to 4.00º scanning range, and step dwell time of 2 minutes for 
minimizing the signal-to-noise ratio to an acceptable level for quantitative analysis which 
is not shown here.  Optimal optical component and sample initial orientation alignment 
was performed automatically through the SmartLab Guidance Rigaku Instrument Control 
software. 
Temperature corrected pH measurements were made at ambient lab temperature using 
a Thermo Scientific Orion 3-Star bench-top pH meter with Ross Ultra pH/ATC integral 
temperature triode electrode using Fisher prepared lab standard pH buffers of pH = 3.00, 
pH = 4.00, pH = 7.00, and pH = 10.00. 
All films were generated using freshly made suspensions (aged less than 24-hours) 
because the possibility of slow, temperature dependent sol-gelation.9 
B.1.2 Additional r-SAXS Data for HTT-MSFs. 
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Figure B.1.1.  Plot of mesoporous silica film (MSF) reflectance-small angle x-ray scattering (r-
SAXS) profiles for hydrothermally treated (HTT) MSFs treated at various temperatures in 
deionized water for 12-hours.  Disappearance of the single diffuse reflectance peak situated at 
about 2θ = 1.20° from the r-SAXS scattering profiles just as was observed in the 2-hour treatment 
results also indicates likewise that the film pore interconnectivity is increasing as the treatment 
temperature is increased, and a subsequent leftward shift in the diffuse reflectance peak Bragg 
angle entails that the film pore diameter is also enlarging. 
 
 
 
Figure B.1.2.  Plots of mesoporous silica film (MSF) reflectance-small angle x-ray scattering (r-
SAXS) profiles for hydrothermally treated (HTT) MSFs treated for various times in deionized 
water at: (a) 125 °C; (b) 150 °C; and (c) 175 °C.  Disappearance of the single diffuse reflectance 
peak situated at about 2θ = 1.20° from the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is increasing as either the treatment time or temperature is increased, and a 
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subsequent leftward shift in the diffuse reflectance peak Bragg angle entails that the film pore 
diameter is also enlarging. 
 
B.1.3 SEM, STEM, and r-SAXS Data for BMIM-Cl ITT-MSFs. 
 
Figure B.1.3.  (a) Plan sectional view scanning electron microscopy (SEM) image of an 
ionothermally treated (ITT) mesoporous silica film (MSF) treated at 100 °C for 12-hours in 
anhydrous 1-butyl-3-methylimidazolium chloride (BMIM-Cl), taken at a spot where a partial 
cross-section can be seen; and (b) scanning transmission electron microscopy (STEM) image of 
the same MSF as in sub-figure (a).  Comparing these images to corresponding images taken of 
the as-assembled and untreated film indicates that there are no morphological differences between 
these ITT-MSFs and the initial, untreated MSF, implying that MSFs are chemically compatible 
and stable in BMIM-Cl for all temperatures and times investigated.  Scale bar lengths given in 
each image correspond to 50 nm. 
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Figure B.1.4.  Plots of mesoporous silica film (MSF) reflectance-small angle x-ray scattering (r-
SAXS) profiles for ionothermally treated (ITT) MSFs treated at various temperatures in 
anhydrous 1-butyl-3-methylimidazolium chloride (BMIM-Cl) for: (a) 2-hours; and (b) 12-hours.  
Constancy of both the singular-specular and diffuse reflectance peaks situated at about 2θ = 0.70° 
and 2θ = 1.20°, respectively, contained in the r-SAXS scattering profiles suggests that the film 
pore interconnectivity is remaining the same and unchanged as either the treatment time or 
temperature is increased. 
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Figure B.1.5.  Plots of mesoporous silica film (MSF) reflectance-small angle x-ray scattering (r-
SAXS) profiles for ionothermally treated (ITT) MSFs treated for various times in anhydrous 1-
butyl-3-methylimidazolium chloride (BMIM-Cl) at: (a) 100 °C; (b) 125 °C; (c) 150 °C; (d) 175 
°C.  Constancy of both the singular-specular and diffuse reflectance peaks situated at about 2θ = 
0.70° and 2θ = 1.20°, respectively, contained in the r-SAXS scattering profiles suggests that the 
film pore interconnectivity is remaining the same and unchanged as either the treatment time or 
temperature is increased. 
 
B.1.4 RFT, RFRI, and r-SAXS Data for BMIM-AcO, BMIM-Br, and BMIM-
SCN ITT-MSFs. 
 
(c)
0 1 2 3 4
Sc
at
te
rin
g 
In
te
n
sit
y 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 2-Hours
 12-Hours
(d)
0 1 2 3 4
Sc
a
tte
rin
g 
In
te
n
sit
y 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 2-Hours
 12-Hours
(a)
0 2 4 6 8 10 12 14 16 18 20 22 24
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
Re
la
tiv
e
 
Th
ic
kn
es
s,
 
h/
h 0
Treatment Time (Hours)
 100°C
 125°C
 150°C
 175°C
(b)
0 2 4 6 8 10 12 14 16 18 20 22 24
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
R
el
at
iv
e
 
R
ef
ra
ct
iv
e
 
In
de
x,
 
(n-
n
Ai
r)/(
n
0-
n
Ai
r)
Treatment Time (Hours)
 100°C
 125°C
 150°C
 175°C
214 
 
 
 
(c)
0 1 2 3 4
Sc
at
te
rin
g 
In
te
n
si
ty
 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 100°C
 125°C
 150°C
 175°C
(d)
0 1 2 3 4
Sc
a
tte
rin
g 
In
te
n
si
ty
 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 100°C
 125°C
 150°C
 175°C
(e)
0 1 2 3 4
Sc
a
tte
rin
g 
In
te
n
si
ty
 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 2-Hours
 12-Hours
(f)
0 1 2 3 4
Sc
a
tte
rin
g 
In
te
n
si
ty
 
(A
.
U.
)
Scattering Angle, 2θ (°)
 Untreated
 2-Hours
 12-Hours
215 
 
 
Figure B.1.6.  Plots of (a) relative film thickness (RFT) and (b) relative film refractive index 
(RFRI) versus treatment time, respectively, for ionothermally treated (ITT) mesoporous silica 
films (MSFs) treated at various temperatures in anhydrous 1-butyl-3-methylimidazolium acetate 
(BMIM-AcO) as measured by spectroscopic ellipsometry (SE) performed at ambient lab 
conditions.  h given in (a) corresponds to the MSF thickness resulting after imposing the specified 
treatment, while h0 refers to the initial, as-assembled MSF thickness before the treatment was 
conducted.  n given in (b) indicates the corresponding MSF refractive index (RI) for the specified 
treatment, while n0 refers to the initial, as-assembled MSF-RI prior to treatment and nAir 
represents the RI of air.  Concurrent decrease in the RFT and RFRI indicates that degradation by 
dissolution is occurring isotropically throughout each film.  Trend lines provided are for direction 
along a specific dataset and may not reflect the exact form of the dissolution profiles.  Plots of 
BMIM-AcO ITT-MSF reflectance-small angle x-ray scattering (r-SAXS) profiles for various 
temperatures treated for (c) 2-hours and (d) 12-hours, respectively.  Plots of BMIM-AcO ITT-
MSF r-SAXS profiles for various times at (e) 100 °C, (f) 125 °C, (g) 150 °C, and (h) 175 °C, 
respectively.  Constancy of both the singular-specular and diffuse reflectance peaks situated at 
about 2θ = 0.70° and 2θ = 1.20°, respectively, contained in the r-SAXS scattering profiles 
suggests that the film pore interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
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Figure B.1.7.  Plots of (a) relative film thickness (RFT) and (b) relative film refractive index 
(RFRI) versus treatment time, respectively, for ionothermally treated (ITT) mesoporous silica 
films (MSFs) treated at various temperatures in anhydrous 1-butyl-3-methylimidazolium bromide 
(BMIM-Br) as measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  
Concurrent decrease in the RFT and RFRI indicates that degradation by dissolution is occurring 
isotropically throughout each film.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profiles.  Plots of BMIM-Br ITT-MSF 
reflectance-small angle x-ray scattering (r-SAXS) profiles for various temperatures treated for (c) 
2-hours and (d) 12-hours, respectively.  Plots of BMIM-Br ITT-MSF r-SAXS profiles for various 
times at (e) 100 °C, (f) 125 °C, (g) 150 °C, and (h) 175 °C, respectively.  Constancy of both the 
singular-specular and diffuse reflectance peaks situated at about 2θ = 0.70° and 2θ = 1.20°, 
respectively, contained in the r-SAXS scattering profiles suggests that the film pore 
interconnectivity is remaining the same and unchanged as either the treatment time or 
temperature is increased. 
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Figure B.1.8.  Plots of (a) relative film thickness (RFT) and (b) relative film refractive index 
(RFRI) versus treatment time, respectively, for ionothermally treated (ITT) mesoporous silica 
films (MSFs) treated at various temperatures in anhydrous 1-butyl-3-methylimidazolium 
thiocyanate (BMIM-SCN) as measured by spectroscopic ellipsometry (SE) performed at ambient 
lab conditions.  Concurrent decrease in the RFT and RFRI indicates that degradation by 
dissolution is occurring isotropically throughout each film.  Trend lines provided are for direction 
along a specific dataset and may not reflect the exact form of the dissolution profiles.  Plots of 
BMIM- SCN ITT-MSF reflectance-small angle x-ray scattering (r-SAXS) profiles for various 
temperatures treated for (c) 2-hours and (d) 12-hours, respectively.  Plots of BMIM- SCN ITT-
MSF r-SAXS profiles for various times at (e) 100 °C, (f) 125 °C, (g) 150 °C, and (h) 175 °C, 
respectively.  Constancy of both the singular-specular and diffuse reflectance peaks situated at 
about 2θ = 0.70° and 2θ = 1.20°, respectively, contained in the r-SAXS scattering profiles 
suggests that the film pore interconnectivity is remaining the same and unchanged as either the 
treatment time or temperature is increased. 
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B.1.5 Additional RFT, RFRI, SEM, STEM, and r-SAXS Data for BMIM-Cl 
HITT-MSFs. 
 
 
Figure B.1.9.  Plots of the relative film thickness (RFT) versus 1-butyl-3-methylimidazolium 
chloride (BMIM-Cl) ionic liquid (IL) composition for hydrionothermally treated (HITT) 
mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for (a) 1-hour, (b) 
2-hours, (c) 4-hours, and (d) 24-hours at various temperatures as measured by spectroscopic 
ellipsometry (SE) performed at ambient lab conditions.  Degradation by dissolution of the HITT-
MSFs increases monotonically with solvent mixture compositions greater than 0 mol% of BMIM-
Cl in water but less than approximately 5 mol% BMIM-Cl for any treatment temperature, while a 
monotonic decrease in the dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-Cl, implying that degradation of the HITT-
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MSFs treated at about 5 mol% BMIM-Cl is accelerated due to the presence of the IL at this 
concentration.  An overall decrease in the dissolution rate of HITT-MSFs for IL concentrations at 
about 15 mol% of BMIM-Cl in water or greater signifies either a reduction in the hydrolytic 
depolyermization rate or a decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
 
 
 
Figure B.1.10.  Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium chloride (BMIM-Cl) ionic liquid (IL) composition for hydrionothermally 
treated (HITT) mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for 
(a) 1-hour, (b) 2-hours, (c) 4-hours, and (d) 24-hours at various temperatures as measured by 
spectroscopic ellipsometry (SE) performed at ambient lab conditions.  Degradation by dissolution 
of the HITT-MSFs increases monotonically with solvent mixture compositions greater than 0 
mol% of BMIM-Cl in water but less than approximately 5 mol% BMIM-Cl for any treatment 
temperature, while a monotonic decrease in the dissolution rate of HITT-MSFs is observed for 
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increasing IL concentrations above approximately 5 mol% BMIM-Cl, implying that degradation 
of the HITT-MSFs treated at about 5 mol% BMIM-Cl is accelerated due to the presence of the IL 
at this concentration.  An overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-Cl in water or greater signifies either a reduction in 
the hydrolytic depolyermization rate or a decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
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Figure B.1.11.  Plots of the reflectance-small angle x-ray scattering (r-SAXS) profiles for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) in binary 1-butyl-3-
methylimidazolium chloride (BMIM- Cl)-deionized water mixtures for 2-hours at (a) 100 ºC, (c) 
125 ºC, (e) 150 ºC, and (g) 175 ºC, and 12-hours at (b) 100 ºC, (d) 125 ºC, (f) 150 ºC, and (h) 175 
ºC.  Disappearance of the single diffuse reflectance peak situated at about 2θ = 1.20° from the r-
SAXS scattering profiles indicates that the film pore interconnectivity is increasing as the 
treatment temperature is increased, and a subsequent leftward shift in the diffuse reflectance peak 
Bragg angle entails that the film pore diameter is also enlarging. 
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Figure B.1.12.  (a) Plan sectional view scanning electron microscopy (SEM) image of a 
hydrionothermally treated (HITT) mesoporous silica film (MSF) treated at 100 °C for 12-hours in 
a 15 mol% binary solvent mixture of 1-butyl-3-methylimidazolium chloride (BMIM-Cl) and 
deionized water, taken at a spot where a partial cross-section can be seen; and (b) scanning 
transmission electron microscopy (STEM) image of the same MSF as in (a).  A slight increase in 
the pore interconnectivity and diameter is evident in both images which is consistent with the 
spectroscopic ellipsometry (SE) and reflectance-small angle x-ray scattering (r-SAXS) 
measurements presented previously for this HITT-MSF.  Scale bars given in each image 
correspond to 50 nm. 
 
B.1.6 RFT, RFRI, and r-SAXS Data for BMIM-AcO, BMIM-Br, and BMIM-
SCN HITT-MSFs. 
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Figure B.1.13.  Plots of the relative film thickness (RFT) versus 1-butyl-3-methylimidazolium 
acetate (BMIM-AcO) ionic liquid (IL) composition for hydrionothermally treated (HITT) 
mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-hours, (b) 
12-hours, and (c) 24-hours at various temperatures as measured by spectroscopic ellipsometry 
(SE) performed at ambient lab conditions.  h corresponds to the MSF thickness resulting after 
imposing the specified treatment, while h0 refers to the initial, as-assembled MSF thickness 
before the treatment was conducted.  Degradation by dissolution of the HITT-MSFs increases 
monotonically with solvent mixture compositions greater than 0 mol% of BMIM-AcO in water 
but less than approximately 5 mol% BMIM-AcO for any treatment temperature, while a 
monotonic decrease in the dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-AcO, implying that degradation of the 
HITT-MSFs treated at about 5 mol% BMIM-AcO is accelerated due to the presence of the IL at 
this concentration.  An overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-AcO in water or greater signifies either a reduction in 
the hydrolytic depolyermization rate or a decrease in the solubility of hydrolyzed silicates by the 
hydrionothermal solvent mixture.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
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Figure B.1.14.  Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium acetate (BMIM-AcO) ionic liquid (IL) composition for hydrionothermally 
treated (HITT) mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for 
(a) 2-hours, (b) 12-hours, and (c) 24-hours at various temperatures as measured by spectroscopic 
ellipsometry (SE) performed at ambient lab conditions.  n indicates the corresponding MSF 
refractive index (RI) for the specified treatment, while n0 refers to the initial, as-assembled MSF-
RI prior to treatment and nAir represents the RI of air.  Degradation by dissolution of the HITT-
MSFs increases monotonically with solvent mixture compositions greater than 0 mol% of BMIM-
AcO in water but less than approximately 5 mol% BMIM-AcO for any treatment temperature, 
while a monotonic decrease in the dissolution rate of HITT-MSFs is observed for increasing IL 
concentrations above approximately 5 mol% BMIM-AcO, implying that degradation of the 
HITT-MSFs treated at about 5 mol% BMIM-AcO is accelerated due to the presence of the IL at 
this concentration.  An overall decrease in the dissolution rate of HITT-MSFs for IL 
concentrations at about 15 mol% of BMIM-AcO in water or greater signifies either a reduction in 
the hydrolytic depolyermization rate or a decrease in the solubility of hydrolyzed silicates by the 
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hydrionothermal solvent mixture.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
 
 
 
Figure B.1.15.  Plots of the relative film thickness (RFT) versus 1-butyl-3-methylimidazolium 
bromide (BMIM-Br) ionic liquid (IL) composition for hydrionothermally treated (HITT) 
mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-hours, (b) 
12-hours, and (c) 24-hours at various temperatures as measured by spectroscopic ellipsometry 
(SE) performed at ambient lab conditions.  Trend lines provided are for direction along a specific 
dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.16.  Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium bromide (BMIM-Br) ionic liquid (IL) composition for hydrionothermally 
treated (HITT) mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for 
(a) 2-hours, (b) 12-hours, and (c) 24-hours at various temperatures as measured by spectroscopic 
ellipsometry (SE) performed at ambient lab conditions.  Trend lines provided are for direction 
along a specific dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.17.  Plots of the relative film thickness (RFT) versus 1-butyl-3-methylimidazolium 
thiocyanate (BMIM-SCN) ionic liquid (IL) composition for hydrionothermally treated (HITT) 
mesoporous silica films (MSFs) treated in binary IL-deionized water mixtures for (a) 2-hours, (b) 
12-hours, and (c) 24-hours at various temperatures as measured by spectroscopic ellipsometry 
(SE) performed at ambient lab conditions.  Trend lines provided are for direction along a specific 
dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.18.  Plots of the relative film refractive index (RFRI) versus 1-butyl-3-
methylimidazolium thiocyanate (BMIM-SCN) ionic liquid (IL) composition for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in binary IL-deionized 
water mixtures for (a) 2-hours, (b) 12-hours, and (c) 24-hours at various temperatures as 
measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  Trend lines 
provided are for direction along a specific dataset and may not reflect the exact form of the 
dissolution profile. 
 
 
B.1.7 Additional Data for Comparison of RFT and RFRI of BMIM-AcO, 
BMIM-Br, BMIM-Cl, and BMIM-SCN HITT-MSFs. 
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Figure B.1.19.  Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 5 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, -Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 ºC 
as measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  For all 
treatment temperatures, the dissolution rates appear to follow the anion ordering of Br- < Cl- < 
SCN- < AcO-, which suggests that the anionic species plays a catalytic role in silica dissolution 
and that steric hindrance of the anion from the silica surface occurs since the anion ordering for 
dissolution is inverted relative to the anionic nucleophilicity and size.  Trend lines provided are 
for direction along a specific dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.20.  Plots of the relative film refractive index (RFRI) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 5 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 ºC 
as measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  For all 
treatment temperatures, the dissolution rates do not follow as clearly the anion ordering observed 
for the relative film thickness (RFT) plots of Br- < Cl- < SCN- < AcO-, but the general trend of 
this ordering seems to still be implied.  Even marginal consistency with this trend suggests that 
the anionic species plays a catalytic role in silica dissolution and that steric hindrance of the anion 
from the silica surface occurs since the anion ordering for dissolution is inverted relative to the 
anionic nucleophilicity and size.  Trend lines provided are for direction along a specific dataset 
and may not reflect the exact form of the dissolution profile. 
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Figure B.1.21.  Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 15 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, -Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 150 ºC, and (c) 175 ºC as measured 
by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  For all treatment 
temperatures, the dissolution rates appear to follow the anion ordering of Br- < Cl- < SCN- < AcO-
, which suggests that the anionic species plays a catalytic role in silica dissolution and that steric 
hindrance of the anion from the silica surface occurs since the anion ordering for dissolution is 
inverted relative to the anionic nucleophilicity and size.  Trend lines provided are for direction 
along a specific dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.22.  Plots of the relative film refractive index (RFRI) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 15 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 150 ºC, and (c) 175 ºC as measured 
by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  For all treatment 
temperatures, the dissolution rates do not follow as clearly the anion ordering observed for the 
relative film thickness (RFT) plots of Br- < Cl- < SCN- < AcO-, due to discrepancies with the SE 
measurements but the general trend of this ordering seems to still be implied.  Even marginal 
consistency with this trend suggests that the anionic species plays a catalytic role in silica 
dissolution and that steric hindrance of the anion from the silica surface occurs since the anion 
ordering for dissolution is inverted relative to the anionic nucleophilicity and size.  Trend lines 
provided are for direction along a specific dataset and may not reflect the exact form of the 
dissolution profile. 
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Figure B.1.23.  Plots of the relative film thickness (RFT) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 25 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, -Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 ºC 
as measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  For all 
treatment temperatures, the dissolution rates appear to follow the anion ordering of Br- < Cl- < 
SCN- < AcO-, which suggests that the anionic species plays a catalytic role in silica dissolution 
and that steric hindrance of the anion from the silica surface occurs since the anion ordering for 
dissolution is inverted relative to the anionic nucleophilicity and size.  Trend lines provided are 
for direction along a specific dataset and may not reflect the exact form of the dissolution profile. 
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Figure B.1.24.  Plots of the relative film refractive index (RFRI) versus treatment time for 
hydrionothermally treated (HITT) mesoporous silica films (MSFs) treated in 25 mol% IL-
deionized water binary mixtures for 1-butyl-3-methylimidazolium (BMIM) cation ILs with 
different anions (AcO-, Br-, Cl-, and SCN-) for (a) 100 ºC, (b) 125 ºC, (c) 150 ºC, and (d) 175 ºC 
as measured by spectroscopic ellipsometry (SE) performed at ambient lab conditions.  Even 
marginal consistency with this trend suggests that the anionic species plays a catalytic role in 
silica dissolution and that steric hindrance of the anion from the silica surface occurs since the 
anion ordering for dissolution is inverted relative to the anionic nucleophilicity and size.  Trend 
lines provided are for direction along a specific dataset and may not reflect the exact form of the 
dissolution profile. 
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Figure B.1.25.  Plot of Film (a) Thickness and (b) Refractive Index before and after surfactant 
template extraction by calcination of fabricated Mesoporous Silica Films (MSFs) used as the 
initial MSFs for solvothermal treatments conducted, as measured by Spectroscopic Ellipsometry 
(SE) performed at ambient lab conditions.  Data is arranged with respect to measurements 
collected at film locations along the length and direction of the dip coating axis (left-to-right 
corresponds to top-to-bottom with a middle measurement made).  Black symbols indicate 
averages of the top, middle, and bottom measurements made for all films generated. 
 
Figure B.1.25a indicates that the average thickness increases from top-to-bottom 
which is probably due to the use of a dip coating deposition method10, and Figure 
B.1.25b demonstrates that the average refractive index remains approximately constant 
with respect to position along the dip coating axis as would be expected for no structural 
and compositional dependence on dip coating axial position.  A loss in thickness upon 
calcination as illustrated in Figure B.1.25a indicates that the removal of the template and 
residual organic layers deposited on top of the film matrix, as well as some densification 
or shrinkage in the film matrix occurs.  Observation of a suitable loss in refractive index 
is what identifies that the porogenating micelle templates and any other organic 
compounds retained in or on the fabricated film have been removed. 
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B.1.9  pH Dependence of BMIM-AcO/Water, BMIM-Br/Water, BMIM-
Cl/Water, and BMIM-SCN/Water Mixtures on IL Concentration at Room 
Temperature. 
 
Figure B.1.26.  Solution pH of BMIM-AcO, BMIM-Br, BMIM-Cl, and BMIM-SCN in Water 
versus the BMIM-IL composition in % by Mol.  All measurements reported are those collected at 
ambient lab conditions. 
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Figure B.1.27.  (a) RFT and (b) RFRI for BMIM-Cl ITT-125 °C MSFs measured prior to ITT 
(Initial), after ITT, and after ITT followed by oxygen plasma treatment for 15 minutes at about 
320 mtorr and 0.2 SCFH of flowing molecular oxygen. 
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Figure B.1.28.  Dynamic Sessile water drop contact angle plot for the BMIM-Cl ITT-125 °C 
MSFs treated for (a) Initial/Untreated, (b) 1-hour, (d) 2-hours, (f) 4-hours, (h) 12-hours, and (j) 
24-hours; and for the ITT-125 °C MSFs oxgen plasma treated for 15 minutes at about 320 mtorr 
and 0.2 SCFH of flowing molecular oxygen following ITT for (c) 1-hour, (e) 2-hours, (g) 4-
hours, (i) 12-hours, and (k) 24-hours. 
 
Upon plasma treatment of any of the BMIM-Cl ITT-125 °C MSFs the refractive 
index and the water contact angle is restored to being almost identically what the initial, 
untreated film values are indicating that some hydrophobic material has been removed 
upon oxygen plasma treatment.  This organic material could be residual IL that was not 
adequately washed away by the water washing protocol I followed.  However, the 
presence of this residue does not significantly alter the conclusions or change the results 
from the SEM, STEM, or r-SAXS measurements. 
B.1.11 Estimate of the Binary IL-Water Solvent Mixture Enhancement 
Composition at Room Temerature Using the Extended Hildebrand Solubility 
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Criteria.  The extended Hildebrand solubility theory indicates that a solute dissolved in a 
binary solvent mixture that can be classified by the extended Hildebrand solubility 
theory, can have a maximum solubility at a given temperature at an intermediate solvent 
composition where the Hildebrand solubility parameter of the solute is the same as this 
binary solvent mixture.11  Mathematically, this is represented in Equation B.1-1 as 
follows: 
 boaoS For δδδδδ <<= ,*  B.1-1 
where δS* is the Hildebrand solubility parameter of the binary solvent mixture at the 
composition which has maximum solute solubility, δo is the Hildebrand solubility 
parameter of the solute, δa is the Hildebrand solubility parameter of solvent a (the 
subscript a will be used to denote the ionic liquid in my work), and δb is the Hildebrand 
solubility parameter of solvent b.  Following the treatment given previously, the binary 
solvent mixture Hildebrand solubility parameter can be determined from a volumetric 
average of the Hildebrand solubilities of the pure solvents given by Equations B.1-2 and 
B.1-3: 
 
ba
bbaa
S φφ
δφδφδ
+
+
=  B.1-2 
 
( )
( ) ooSo
So
SbaS VXVX
VX
where
+−
−
=+=
1
1
, φφφφ  B.1-3 
where φa is the volume fraction of solvent a in the mixture, φb is the volume fraction of 
solvent b in the mixture, φS is the volume fraction of the binary solvent mixture, VS is the 
molar volume of the binary solvent mixture, Xo is the mole fraction solubility of the 
solute, and Vo is the molar volume of the solute.  Since the mole fraction solubility of 
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silica in neutral water is known to be on the order of 5x10-4 3 even at about 100 ºC, and 
assuming that the solubility of silica at the enhancement composition is not significantly 
different from that in neutral water, φS then becomes φS ≈ 1 and Equation B.1-2 can be 
reduced to: 
 
( ) 1,1 ≈−+=+≈ SbaaabbaaS forφδφδφδφδφδ  B.1-4 
Solving Equation B.1-4 for the mole fraction of solvent a yields: 
 1, ≈
−
−
= S
ba
bS
a forφδδ
δδφ  B.1-5 
An estimate of the enhancement solubility composition can then be determined using 
Equations B.1-1 and B.1-5 letting δS = δS* = δo: 
 
ba
bo
a δδ
δδφ
−
−
=  B.1-6 
In order to compute the enhancement composition specifically for the dissolution of silica 
an estimate of its Hildebrand solubility parameter must be determined and compared to 
the condition given in Equation B.1-1 to ensure that such a solubility enhancement per 
the extended Hildebrand solubility criteria is applicable.  Values of the Hildebrand 
solubility parameters of the ionic liquids used (a = BMIM-IL) and water (b = H2O) have 
been measured previously by others to be 24 < δBMIM-IL < 25 (J/cm3)1/2 12 and δH2O = 48 
(J/cm3)1/2 13.  For estimating the Hildebrand solubility parameter of silica, I assume that 
silica dissolves to form only monomeric silicic acid and the Hidebrand solubility 
parameter for this silicate species can then be estimated using the extended Hildebrand 
theory from solubility data of it in pure water at room temperature.  Equation B.1-7 gives 
the extended Hildebrand solubility expression: 
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( ) [ ]2 )OH(Si2 OH2 )OH(Si2 OH)OH(Si10 42424 2Alog δδδδα −+=  B.1-7 
where αSi(OH)4 is the activity coefficient of the orthosilicic acid in water, δH2O is the 
Hildebrand solubility parameter of water (the solvent), and A is given by: 
  
RT303.2
V~
A
2
OH)OH(Si 24φ
=  B.1-8 
Solving Equation B.1-7 for δo yields Equation B.1-9: 
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A
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The activity coefficient is computed from steady state solubility data measured 
previously14 to be: 
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To compute the coefficient A from Equation B.1-8, an estimate of the molar volume of 
orthosilicic acid must be generated.  Assuming that molecules of fully protonated 
orthosilicic acid can be approximated by spheres and these are randomly packed an 
estimate of the molar volume can be determined from the molecular structure studied and 
optimized previously.15  First, an approximate radius of the sphere must be estimated 
using the static optimized form of orthosilicic acid as follows: 
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Computing an estimate of the molar volume of orthosilicic acid on the basis of a random 
close packing of hard spheres then follows using the computational result from Equation 
B.1-12: 
( )( )
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)OH(Si,W
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 B.1-13 
Using the radius computed in Equation B.1-12, the known atomic parameters, and 
assuming a random close packing porosity of εrcp = 0.33 gives an estimate of the molar 
volume of monomeric orthosilicic acid as: 
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 B.1-14 
where the molar volume estimated for orthosilicic acid is in line with that known for 
silica ((60.08 g/mol)*(1/2.65 g/cm3) = 22.672 cm3/mol) hydrated with two water 
molecules per silica unit.  Using Equation B.1-14 with Equation B.1-8 and assuming that 
the volume fraction of water is near 1 since the solubility of orthosilicic acid is known to 
be low at 25 ºC generates an estimate for the coefficient A as: 
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 B.1-15 
Calculating the Hildebrand solubility parameter estimate of orthosilicic acid using 
Equations B.1-10 and B.1-15 and the known Hildebrand solubility of water in Equation 
B.1-9 gives: 
( ) ( )( ) ( )( ) ( ) 2/133102/13)OH(Si10OH)OH(Si cm/J8.45J/cm0058.0 065.1logcm/J48Alog 424 =−=−= αδδ  B.1-16 
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Evaluating the estimate developed in Equation B.1-16 against the condition stipulated in 
Equation B.1-1 for a solubility maximum to occur in this binary solvent mixture of 
IL/water in my systems then implies that a solubility maximum could occur since: 
 OH)OH(SiILBMIM 24 δδδ <<−  B.1-17 
Therefore, the applicability of Equation B.1-6 is valid and the IL/water binary solvent 
mixture composition yielding a maximum solubility of silica in the form of 
homogeneously dissolved orthosilicic acid can be estimated using the known Hildebrand 
solubility values of the IL and water and that estimated in Equation B.1-16: 
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Converting the volume fraction of IL at which the solubility of silica is maximum to a 
mole fraction of IL, yields an enhancement molar composition with the symbolic form of: 
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 B.1-19 
Using Equation B.1-19 and the known physical parameters of the ILs used in this work16-
19
 and water and assuming no volume change upon mixing the molar dissolution 
enhancement compositions for each IL used in this work are then computed to be: 
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B.2 SUPPORTING INFORMATION FOR AVOIDING CRACKS IN 
NANOPARTICLE FILMS 
Adapted with permission from Prosser, J. H.; Brugarolas, T.; Lee, S.; Nolte, A. J.; Lee., D. Avoiding 
Cracks in Nanoparticle Films. Nano Lett. 2012, 12, 5287-5291. DOI: 10.1021/nl302555k.  Copyright 2012 
American Chemical Society. 
B.2.1 Experimental Details. Commercial silica suspensions of spherical 
nanoparticles of LUDOX® SM-30, LUDOX® HS-30, and LUDOX® TM-40 each having 
nominal particle diameters of 7 nm, 12 nm, and 22 nm, respectively, were purchased and 
used as received from Sigma-Aldrich.  Suspensions were deposited onto 7059-
borosilicate glass slide substrates by spin coating with a Laurell Techologies Co., WS-
400BZ-6NPP/Lite commercial spin coater.  Glass substrates were obtained from Fisher-
Scientific as 1”x3”x1 mm rectangular and were score-cut to approximately 1”×1” 
(2.54×2.54 cm2) square and cleaned by ultrasonication in a 0.1 M NaOH solution for 1-
hour prior to suspension deposition.  Suspensions were generated by diluting the silica 
reagents with ultra-high filtered and deionized water produced from a Diamond 
RO/Nanopure water purification system with a resistivity of less than 18.2 mΩ·cm 
dispensed in quantities by mass measured with a Mettler-Toledo XS-105 dual range 
analytical balance to give the desired concentrations.  These were mixed by inversion of 
50 times followed by vigorous shaking for approximately 1-minute.  Complete mixing 
and suspension of the diluted silica nanoparticles was accomplished using ultrasonication 
in a 9.5 L Fisher-Scientific FS-110D ultrasonicating water bath for 1-hour.  Following 
ultrasonication, suspensions were allowed to cool to room temperature before deposition 
by spin coating onto the substrates was performed.  Suspensions were deposited by 
252 
 
dispensing approximately 400 µL to completely cover the substrates and spinning at a 
steady-state rotational rate of 2,000 RPM for 1-minute with an acceleration rate of 
approximately 700 RPM/s.  Ambient spin conditions were not specifically controlled 
beyond normal laboratory conditions which varied within the ranges of 20 °C-25 °C for 
temperature and 20-50% relative humidity. 
Multicoated films were fabricated analogously to single layered films but with 
approximately a 20-minute time duration between application of subsequent layers during 
which time the film thickness was measured by spectroscopic ellipsometry (SE) and the 
condition of the film was imaged using an optical microscope (OMS). 
Cracked upon crack-free double-layer, laminated films were assembled similarly to 
the multicoated films but with the final thickness formed by spinning a single layer from 
a suspension having a higher concentration than that used to form the crack-free bottom 
layer.  These double-layer, laminated films were fabricated for each particle type and the 
behavior of the crack propagation was observed to be identical for all (See SEM images 
in Section B.2.3). 
Bragg reflectors were constructed the same as the multilayered films only with 
alternating depositions of three subsequent layers of TiO2 and SiO2 nanoparticles to form 
a single optical layer of each material.  TiO2 layers were actually deposited at 4000 RPM 
with a steady-state spinning time of 2-minutes and an acceleration of within 3-seconds, 
while the SiO2 layers were deposited the same as all other silica films discussed 
previously.  The TiO2 nanoparticles (spherical with nominal diameter = 7 nm, STS-100) 
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used for the Bragg reflectors were generously provided by Ishihara Sangyo Kaisha Ltd.  
SiO2 particles chosen were the LUDOX-SM 7nm diameter nanoparticles. 
All films were generated using freshly made suspensions (aged less than 24-hours) 
because the possibility of slow particle flocculation within the unmodified (i.e., pH or 
ionic strength adjusted) suspensions was discovered.1 
Temperature corrected pH measurements were made using a Thermo Scientific Orion 
3-Star bench-top pH meter with Ross Ultra pH/ATC integral temperature triode 
electrode. 
Film thickness measurements were made using a J.A. Woolam α-SE fixed incidence 
angle, multiwavelngth spectroscopic ellipsometer (SE) with the source incidence and 
detection angles set at 70° relative to normal incidence and an irradiation wavelength 
range of 380-900 nm.  Spectrum fitting was done with a Cauchy film and glass substrate 
model for all particle types over the entire irradiation wavelength range.  All thickness 
measurements reported are those obtained from SE and are single point measurements 
taken near the center of the film. 
Optical microscope (OMS) imaging was performed on a Zeiss Axioplan 2 upright 
microscope with a Q-imaging Retiga 2000R Fast 1394 charge coupled device (CCD) 
digital camera.  A Zeiss LD Plan Neofluar 63× magnification objective was used to 
identify the cracking state of the films.  Films were scanned horizontally and vertically 
through the center to observe cracking pattern variation.  Cracking pattern was typically 
observed to be similar along these lines of imaging and not dependent on the radial 
position, except very near the edge of the film and substrate where the pattern 
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transitioned from ladder-like, parallel cracks at the edges to variably angled hexagonal-
like cracks within the bulk of the film over a short distance of several crack domains 
away from the edges. 
Field emission-environmental scanning electron microscopy (FE-ESEM) images 
were captured using a FEI-600 Quanta high vacuum, FE-ESEM with a peripheral-lens 
Evanhardt-Thornley secondary electron detector.  Samples were sputter coated with a 
Quorum plasma generating coater with an Iridium conductive layer to prevent significant 
charging and for capturing optimal image resolution.  Thickness measurements made 
using SE were confirmed from those obtained by cross-sectional FE-ESEM imaging.  
Cross-sectional FE-ESEM imaging was accomplished by score-cracking the glass 
substrates with deposited film in place so that the interior of the film cross-section could 
be imaged.  Images presented in Figures A.4a and A.4b of Appendix A were captured at 
an axis tilt of 4° relative to normal and an accelerating voltage of 5 kV.  Working 
distances were 4.8 mm for both taken at magnifications of 50,026x and 50,090x, 
respectively. 
UV-Vis transmittance measurements were conducted on a Varian Cary 5000 UV-Vis-
NIR double port spectrophotometer in the wavelength range of 300-1000 nm at a 
wavelength resolution of 1 nm and a full slit height of 1.5 cm having a corresponding slit 
bandwidth of 2 nm with a Tungsten halogen visible radiation source and a deuterium arc 
UV source.  A baseline transmittance of a blank glass slide was deducted from each 
sample automatically within the Varian Scan software so that a corrected transmittance of 
the film only was determined and reported. 
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B.2.2 Extended Solvent Resistance of Selected Silica & Titania NP Films. 
 
Figure B.2.1.  Solvent resistance data for a 22 nm diameter silica nanoparticle single 
coated film (SCF) and a 7 nm diameter tiantia SCF formed from nominal suspension 
concentrations of 15.0% and 10.0% for rotational rates of 2000 RPM and 4000 RPM, 
respectively, deposited on glass substrates.  Films were submerged for 74-days (106,560-
minutes) in deionized water with a measured pH initially of 8.77 at 23.4 °C.  Film ages 
before immersion were 101 days for the silica SCF and 198 days for the titania SCF. 
 
B.2.3 Additional SEM Images. 
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Figure B.2.2.  a.  Plan-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) image of a 22 nm diameter nanoparticle single coated film 
(SCF) having a total thickness of 371 nm deposited onto 7059 borosilicate glass at a 
rotational rate of 2000 RPM from a suspension concentration of 16.5% by wt. of silica.  
The image was taken at a magnification of 1,075× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 20 kV;  b.  Plan-sectional FE-
ESEM image of the 22 nm diameter nanoparticle double-layer, laminated film presented 
in Figure A4a of Appendix A.  The image was taken at the same conditions as sub-figure 
B.2.1a but at a magnification of 1,074× and a working distance of 5.1 mm;  c.  Plan-
sectional FE-ESEM image of the 22 nm diameter nanoparticle SCF presented in Figure 
A4b of Appendix A.  The image was taken at same conditions as sub-figure B.2.1a;  d.  
Plan-sectional FE-ESEM image of the same film presented in sub-figure B.2.1a imaged 
d. 5 µm e. 5 µm f. 5 µm 
a. 10 µm b. 10 µm c. 10 µm 
100 nm h. 100 nm i. 100 nm g. 
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at a magnification of 5,008× and a working distance of approximately 5.1 mm with an 
accelerating voltage of 20 kV;  e.  Plan-sectional FE-ESEM image of the same film 
presented in sub-figure B.2.1b.  Imaging conditions were equivalent to that used for sub-
figure B.2.1b only at a magnification of 5,001×;  f.  Plan-sectional FE-ESEM image of 
the same film presented in sub-figure B.2.1c imaged at a magnification of 5,002× and a 
working distance of approximately 5.0 mm with an accelerating voltage of 20 kV;  g.  
Plan-sectional FE-ESEM image showing the particle packing of one of the crack domains 
displayed in sub-figures B.2.1a and B.2.1d.  Imaging conditions were equivalent to that 
used for sub-figure B.2.1a only at a magnification of 80,084×;  h.  Plan-sectional FE-
ESEM image showing the particle packing of one of the crack domains displayed in sub-
figures B.2.1b and B.2.1e.  Imaging conditions were equivalent to that used for sub-figure 
B.2.1b only at a magnification of 80,008×;  i.  Plan-sectional FE-ESEM image showing 
the particle packing of one of the crack domains displayed in sub-figures B.2.1c and 
B.2.1f.  Imaging conditions were equivalent to that used for sub-figure B.2.1c only at a 
magnification of 80,033×. 
 
 
  
Figure B.2.3.  (a) Cross-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) image of a double-layer, laminated film of 7 nm diameter silica 
nanoparticles.  Thickness of the top fully cracked layer is about 353 nm deposited from a 
nominal suspension concentration of 16.0% by wt. silica and that of the bottom crack-
free layer is approximately 354 nm consisting of 5-coatings consecutively deposited from 
a nominal suspension concentration of 4.0% by wt. silica.  The image was taken at a 
magnification of 50,046× and a working distance of approximately 4.8 mm with an 
accelerating voltage of 10 kV; (b) Cross-sectional FE-ESEM image of a double-layer, 
laminated film of 12 nm diameter silica nanoparticles.  Thickness of the top fully cracked 
layer is about 365 nm deposited from a nominal suspension concentration of 17.0% by 
wt. silica and that of the bottom crack-free layer is approximately 379 nm composed of 6-
coatings consecutively deposited from a nominal suspension concentration of 4.0% by 
wt. silica.  The image was taken at a magnification of 50,099× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 10 kV.  Both laminated films were 
prepared with about a 20-minute time duration between each subsequent coating in the 
b. 500 nm a. 500 nm 
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MCF layers and by allowing for the bottom MCF layers to anneal for approximately a 
weeklong period before the SCF layers were deposited on-top. 
 
B.2.4 Monotonic Growth Data of Commercial 250 nm Silica Particles. 
 
Figure B.2.4.  Cross-sectional field emission-environmental scanning electron 
microscopy (FE-ESEM) images displaying the thickness growth data for a 250 nm 
particle multicoated film (MCF) formed from a nominal suspension concentration of 
15.0% by wt. silica with a NaOH adjusted pH of 10.07 at 23.9 °C and for a rotational rate 
of 2000 RPM deposited on a 7059 borosilicate glass substrate.  Subsequent coatings were 
performed with about a 30-minute time duration between each.  (a) Single coated film 
(SCF). The image was taken at a magnification of 14,891× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 5 kV; (b) Double coated film 
(DCF).  The image was taken at a magnification of 14,948× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 5 kV; (c) Triple coated film (TCF). 
The image was taken at a magnification of 15,005× and a working distance of 
approximately 5.0 mm with an accelerating voltage of 5 kV.  All three images were 
collected with an axis tile of 4° relative to normal.  FE-SEM images demonstrate 
monotonic thickness growth of the 250 nm diameter silica particles indicating that the 
fluid transport process through preexisting coatings plays no significant role in the film 
formation mechanism for MCFs. 
 
 
B.2.5 Linear Growth Data of Commercial TiO2. 
a. 2 µm 2 µm c. 2 µm b. 
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Figure B.2.5.  Thickness growth data for a 7 nm nanoparticle multicoated film (MCF) 
formed from a nominal suspension concentration of 2.15% by wt. titania and for a 
rotational rate of 2000 RPM deposited on a glass substrate.  Subsequent coatings were 
performed with about a 20-minute time duration between each.  Measured pH of 
suspension was 2.22 at 25.0 °C. 
 
 
B.2.6 Optical Responses of Single Coated & Mulitcoated Silica Films. 
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Figure B.2.6.  Polarization spectra of a 184 nm single coated film (SCF) and a 189 nm 
multicoated film (MCF) formed from the deposition of 7-layers of 22 nm diameter silica 
nanoparticles as determined from measurements performed on a spectroscopic 
ellipsometer. 
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Figure B.2.7.  Refractive index spectra of a 184 nm single coated film (SCF) and a 189 
nm multicoated film (MCF) formed from the deposition of 7-layers of 22 nm diameter 
silica nanoparticles as determined from measurements performed on a spectroscopic 
ellipsometer. 
 
 
B.2.7 Chemical Sensing Capabilities of Nanoparticle Bragg Reflectors. 
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Figure B.2.8.  Measured transmittance spectra of the 7-layer Bragg reflector in different 
gaseous atmospheres demonstrating the chemical sensing capability as represented by 
changes in the wavelength location of the transmittance minima and its corresponding 
intensity. 
 
 
B.2.8 Film Thickness Versus Spin Condition Correlation Diagrams.2,3 
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Figure B.2.9.  Thickness versus the rotational rate and suspension concentrations for 7 
nm silica nanoparticle single coated films (SCFs) used to determine the spin conditions 
required to achieve a desired film thickness.  Percentages given as labels within the plot 
are the nominal suspension concentrations of silica in % by wt. 
 
 
1
10
100
1000
10000
100 1000 10000
Fi
lm
 
Th
ic
kn
es
s 
(n
m
)
Substrate Rotational Speed (RPM)
t = 31570(RPM)-0.385
r2 = 0.95250
t = 23776(RPM)-0.408
r2 = 0.9730
t = 40970(RPM)-0.550
r2 = 0.9412
t = 15737(RPM)-0.496
r2 = 0.9380
t = 4158(RPM)-0.404
r2 = 0.9929
t = 2845(RPM)-0.459
r2 = 0.9984
t = 1481(RPM)-0.496
r2 = 0.9908
30.0%
25.0%
20.0%
15.0%
5.0%
2.0%
1.0%
10.0%
t = 916(RPM)-0.520
r2 = 0.9889
264 
 
 
Figure B.2.10.  Thickness versus the rotational rate and suspension concentrations for 22 
nm silica nanoparticle single coated films (SCFs) used to determine the spin conditions 
required to achieve a desired film thickness.  Percentages given as labels within the plot 
are the nominal suspension concentrations of silica in % by wt. 
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B.3 ESTIMATION OF THE ACTUAL IONIC LIQUID 
COMPOSITION AND VAPOR PRESSURE FOR A SPECIFIC 
INITIAL BINARY SOLVENT COMPOSITION, TEMPERATURE, 
AND CONTAINER VOLUME 
 
Figure B.3.1.  Computed1,2 actual BDMIM-Cl composition after thermal equilibration at 
the specified temperature versus the initial BDMIM-Cl composition for a total internal 
container volume of: (a) 7 mL; and (b) 45 mL. 
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for 1-butyl-3-methylimidazolium bromide are applicable and accurately represent 
the vapor pressures versus mixture composition for BDMIM-Cl-water mixtures, 
as taken from Reference 1, and by assuming no volume change upon mixing from 
a regression of the compressibility factor for water.  
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B.4 UNIT CONVERSION OF BDMIM-Cl-WATER BINARY 
SOLVENT COMPOSITION 
 
Figure B.4.1.  Conversion of BDMIM-Cl mole composition to mass composition in 
binary BDMIM-Cl-water solvent mixtures.  WBDMIM-Cl represents the mass composition 
of BDMIM-Cl in a binary BDMIM-Cl-water mixture in percent, XBDMIM-Cl is the mole 
composition of BDMIM-Cl in a binary BDMIM-Cl-water mixture in percent, MBDMIM-Cl 
is the molecular mass of BDMIM-Cl (188.70 g/mol), and MH2O (18.01 g/mol) is the 
molecular mass of water. 
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APPENDIX C. Continuous Flow Reactor Setup 
 
 
 
C.1 CONTINUOUS FLOW REACTOR SETUP 
 
Figure C1.  (a) process flow diagram of continuous flow reactor; and (b) photographic 
image of actual setup devised based off of a similar design1. 
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